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1 Introduction

Particle physics and, in particular, the field of high-energy physics concentrates on gaining a
complete understanding of the fundamental constituents of matter and the forces between them.
The Standard Model of particle physics has emerged as the most complete description of these
elementary building blocks to date [1-4]. In 2012, the discovery of the Higgs boson provided the
final piece of the Standard Model [5]. Although it is the most accurate theoretical description
of particle physics and has been thoroughly tested, some phenomena remain unexplained by the
Standard Model. Nowadays, the focus has shifted towards precision measurements of Standard
Model parameters and the search of physics beyond this model. Particle collisions at accelerator
facilities are produce under well-defined experimental conditions to study interactions of interest
in this field of research. The [Large Hadron Collider (LHC)|is the largest and most powerful

accelerator that enables research in energy ranges up to several TeV at very high rates [6].

Complex detector systems built around the interaction point of the proton-proton collisions in
the case of the[LHC|are required to accurately measure and reconstruct the induced interactions.
Both precision measurements and the search for new physics demand a large amount of data
for new discoveries. This is achieved by higher collision rates at the accelerator, which pose
increasing challenges for the detector systems. Tracking detectors are employed to measure
particle trajectories and identify decay vertices with very good spatial resolution. To accomplish
the required vertex resolution, high-precision tracking systems often based on segmented silicon
sensors are installed closest to the interaction point. Based simply on geometric considerations,
this sub-detector receives the most radiation and has to cope with the highest rates.

Hybrid pixel detectors have advanced as the current standard for precision tracking and
vertexing applications in such high-rate and high-radiation environments. The separation of
readout electronics and sensor into two entities of silicon facilitates the individual optimization
of both while requiring a complex and expensive electrical interconnection step. Monolithic
active pixel sensors comprise both components in one entity of silicon. Technological advances
in commercial CMOS processes and increased accessibility of high-resistivity substrates for
these processes sparked ongoing developments of such monolithic active pixel sensors with high
radiation tolerance and high rate capabilities. Motivated by the demand for extremely precise
particle tracking, the employment of monolithic detectors reduces the introduced material in an
experiment, which results in fewer distorting scattering effects. The high throughput available
for commercial processes and lower production cost without the complex interconnection step

are further benefits of the monolithic approach. However, the design of monolithic active pixel
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sensors with a radiation tolerance to the levels faced at the [LHIClis far from trivial.

Advances in the bias-voltage capabilities of commercial CMOS processes, combined with the
increasing availability of high-resistivity silicon substrates, have initiated the development of
monolithic active pixel sensors with large depleted sensitive volumes. Over the past decades,
many developments by various groups in this field have resulted in such depleted monolithic
active pixel sensors becoming a worthy alternative to hybrid pixel detectors even in high-rate and
high-radiation environments. The Monopix2 chips constitute two large-scale deplete monolithic
active pixel sensors fabricated in 150 nm and 180 nm CMOS technology. The two chips employ
conceptually different design approaches with respect to the size of the collection electrode, and
consequently the integration of the in-pixel electronics. Both devices are designed to satisfy the
radiation tolerance and hit-rate requirements of high-precision tracking detectors at the [LHC]

This thesis studies the radiation tolerance of both Monopix2 chips. A general introduction
into the interaction mechanisms of particles with matter is given in Chapter [2} The first part
of Chapter [3] discusses basic properties of semiconductor materials and their functionality as
particle detectors. The second part describes general pixel detector technologies from hybrid
to monolithic implementations, where the focus is put on the latter. Chapter [4] provides a
detailed breakdown of radiation damage to semiconductor materials. This includes the various
categorizations of damages caused by different types of radiation. The two pixel detectors, which
are characterized in the scope of this thesis, are introduced in Chapter [5l A brief overview of
their development history is given before the latest iterations are presented. In addition, the
respective data acquisition system of each detector is described. Chapter[Gloutlines the elaborate
measurement methods for irradiation campaigns and beam tests containing both hardware setup
and analysis software information. The characterization of the Monopix2 chips after irradiation
is presented in Chapter [} First, the performance of each chip at various radiation levels is
analyzed and discussed. Afterwards, a brief performance comparison between the two detectors
is conducted, although this is limited by the comparability of the two chips. Finally, Chapter [§]

summarizes the research performed in the scope of this thesis.



2 Interactions of particles with matter

To detect particles, their interaction with matter must be leveraged, while the specific interaction
process varies depending on the type and energy of the incoming particle. When developing
detectors, these characteristics are exploited to design the most efficient detection system for
a distinct application. In addition, the correct choice of the detector medium is essential, as
the material dependence of interaction processes can be used to efficiently force the necessary
process. This chapter introduces the interaction mechanisms and processes of different particles
with matter that are relevant for tracking applications with semiconductor detectors.

The interaction probability of a traversing particle with an atom of the medium is described
by the cross-section. For a given particle rate Ni, impinging on a medium, the cross-section is
given as [7] .

_ Nr 1

_ R 2.1
=N nd (2.1)

where Ny denotes the scattered particle rate. The particle number density n = £ Na depends
on the material’s mass density p and its mass number A, while d is the thickness of the medium.
Here, the medium is assumed to be sufficiently thin such that no particle is absorbed within.
In general, a particle can interact multiple times with the medium before it has traversed
completely or lost all its energy within the medium and is absorbed. The latter is especially
important for thick media.
Furthermore, Eq. (2.1) yields a linear proportionality between cross-section and scattered
particle rate |7):
Ng = Nyyndo = Lo . (2.2)

The introduced proportionality factor £L = Njynd is called luminosity. The luminosity is a
characteristic property used in high-energy collider experiments to quantify the interaction rate

of two particle beams or a particle beam and a fixed target.

2.1 Energy loss of charged particles in matter

When traversing matter, charged particles scatter off shell electrons resulting in energy trans-
fers and, therefore, excitation or ionization of the medium’s atoms. The quantum mechani-
cal calculation to describe the underlying physics was performed by Bethe [§] and Bloch [9].

This applies exclusively to heavy charged particles, since light charged particles (electrons and
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positrons) require the consideration of additional interaction processes. For a given differential

cross-section g—% of a collision with the medium resulting in the kinetic energy loss T, the average
energy loss of a particle with mass M and velocity 5 per path length |7]
dE Tmox do
—(— )= T— (M, 3, T)dTl 2.3
(%) =n [ rgonsn (23
is defined by the integral over all possible energy transfers. The target density n. = % is

given by the material-dependent electron density of the medium.

To calculate the average energy loss, the integral is split into two relevant energy regimes [7]:
For large energy transfers compared to the electrons binding energy, the electron is considered
quasi-free. Thus, the interaction is described by the classical Rutherford scattering [10]. The
maximum energy transfer occurs for central collisions and is determined by considering an
elastic collision of a particle and a shell electron with negligible binding energy. In case the
binding energy is not negligible in the scattering process, quantum mechanical considerations
are necessary. Due to the discrete nature of an atom’s energy levels, the minimum energy
transfer is never arbitrarily small but depends on the mean excitation energy of the material.
Taking the aforementioned considerations of the integral’s limits into account and inserting the
Rutherford cross-section in Eq. yields the Bethe-Bloch formula (7] and therein)

= Zpﬁ

dE Z Z2 1 2m6026272Tmax 6(57) C(ﬁ’%'[)
() sty pn(0m) o0 00)

with the following parameters:

— Charge z, relativistic velocity g, and Lorentz factor « of the impinging particle.
— Atomic number Z, atomic mass A, and mass density p of the medium.

— Constant K = 47 Nar2mec? = 0.307 MeVem? /mol given for the classical electron radius

ro & 2.8 fm.

— Mean excitation energy I of an interaction.

— Maximum energy transfer Ti,,x to a shell electron in the case of a central collision.

— Density correction d(87) relevant for high particle energies.

— Shell correction C(Bv,I)/Z important for low particle energies.
Typically, the quantity is standardized to the density of the medium and expressed in units
of MeV/gem=2. The resulting dependence of the average energy loss on the energy of the
incident particle is visualized in Figure Since the Bethe-Bloch formula describes the average
energy lost per path length, it effectively characterizes the stopping power of a material for a

particle and is often referred to as such [11]. Between the 1/3? decrease at low energies and

the logarithmic In(87) rise towards high energies, a broad minimum in the average energy loss
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Figure 2.1: Average energy loss of a pion in silicon as a function of the particle’s 8y = p/me. A
minimum energy loss of around 1—2 MeV/gcrn*2 occurs at 8y = 3 — 4. This data point is mostly inde-
pendent of impinging particle and material type. The total stopping power is dominated by the In(3v)
term towards high energies and by the 1/8? term at low energies. From [7].

exists in the region of By = 3 — 4. Thus, particles in this energy range are referred to as

[minimum-ionizing particle (MIP)| Due to the moderate logarithmic rise, this classification also

approximately holds for more energetic particles.

For a sufficiently thick medium, a heavy charged particle will deposit all its energy and is
completely stopped within the material. Assuming a mono-energetic beam of heavy charged
particles, the number of beam particles remains constant until a certain distance is traversed.
Upon reaching this depth, all particles are stopped and absorbed relatively rapidly. Considering
the Bethe-Bloch equation, the exact depth depends on the particle type and energy as well as
the medium. Due to the dominant 1/3% dependence at low energies, most of the energy is
deposited right before the particle is stopped completely. Thus, there is a spike in the amount
of deposited energy per path length towards the maximum depth reached, which is referred to

as Bragg peak.
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Energy dependence of the average energy loss

The inverse correlation of the effective interaction time with the particles velocity and the
proportionality of the energy transfer to the squared momentum transfer yields the 1/32 de-
pendence of the average energy loss at low energies [7]. The shell correction term C(8v,1)/Z
describes the decreasing contribution of inner shell (K, L, ...) electrons to the stopping power
at low energies close to the shell electron velocities [11]. This adjustment starts to become
relevant for velocities of f < 0.3. Consequently, the average energy loss reaches a maximum

before dropping rapidly and diverging from the 1/3% dependence at very low energies.

The increase in stopping power towards high energies can be explained by considering the
kinematics and the resulting larger maximum energy transfer. In addition, the electric field of
the impinging particle extends transversally for large v and facilitates large impact parameter
collisions [7]. However, screening effects of nearby atoms due to polarization of the medium

limit this extension which is described in the density correction term §(37).

Energy loss of electrons and positrons

Due to the difference in mass, spin, and kinematics, the calculation of the ionizing energy loss
requires some adjustments when considering electrons or positrons. In the case of electrons, the
indistinguishability of incoming and scattered particle limits the maximum energy transfer to
Tnax/2, since the electron with less energy is defined as the ‘scattered‘ one [7]. For large energy
transfers, the collision process is described by Mgller scattering (e”e~ — e~ e~ ) or Bhabha
scattering (eTe™ — eTe™). This causes a reduction of about 10% in the average energy loss
by ionization close to the minimum and differs even more towards small and large particle
velocities [7]. Additionally, positrons can transfer all their energy into a photon undergoing
ete™ annihilation with a shell electron.

Furthermore, a non-negligible amount of energy is lost by bremsstrahlung at relatively low
energies already due to their small mass. Bremsstrahlung describes the energy loss by radiation
of a photon due to bending of the charged particle’s trajectory by an electric field. Since the

cross-section of this interaction scales with the inverse of the squared mass m of a particle with

2 2
OBrems X < el > (2.5)

mec?

charge ¢ [12]

it is mainly relevant for electrons, positrons or slightly heavier particles such as muons. Due
to the dependence on the electric field, the cross-section is also impacted by the medium and,
in particular, possible screening effects. Consequently, the critical energy at which radiative
energy loss is equal to the collision one depends on the particle and the medium. In solid state

silicon, this is the case for 48 MeV electrons [13] or 581 GeV muons [14]. For even larger particle
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velocities, the energy loss is dominated by bremsstrahlung and can be approximated as |11} |12]

dE E

- = = E(x)=Eyexp (—x> . (2.6)
dx Brems X0 X0

The material characteristic radiation length g is defined as the mean distance which an electron

has to traverse such that its energy is reduced to 1/e.

2.2 Fluctuations in energy deposition

As described in Section 2.1 the energy loss of a charged particle in matter is a statistical
process dependent on the number of collisions and the amount of energy transferred per collision.
Consequently, the total energy lost is subject to statistical fluctuations within these two factors.
For thin detectors, typically used in tracking applications, the number of ionizations follows
Poisson statistics. In addition, the energy transferred through an individual collision can range
between the minimum excitation or ionization energy of the material up to the maximum energy
transfer Tiax. Although the majority of interactions yield an energy transfer close to the mean
excitation energy of the material, collisions with large energy transfers cause a non-negligible tail

towards high total energy deposition. This leads to a distortion of the average value, making the

[most probable value (MPV )|a more characteristic quantity of the underlying statistical behavior.

The resulting distribution of the deposited energy is described by the highly asymmetric Landau
function [7} |15]

PO =+ / exp(tIn(t) — tA) sin(mt)dt (2.7)
™ Jo
where AE — AE
MAEypy, €) = %MPV —0.22278 (2.8)

is used to scale and shift the function according to the observed energy loss distribution. Here,
FEypy describes the of the deposited energy statistic, whereas £ = %K%pg—zAz is the
pre-factor of the logarithmic term in Eq. multiplied by the path length Az. An exemplary
Landau function is shown in Figure 2.2 The indication of the average value and [MPV] in
the figure emphasized the difference between them due to the asymmetric tail towards large
energies. According to the central limit theorem of statistics, the distribution of the energy

deposition becomes Gaussian for sufficiently thick detectors and many collisions.

2.3 Multiple scattering

As charged particles traverse through matter, they scatter on the Coulomb fields of nuclei. The
Coulomb scattering process of a particle on a single nucleus is described by the Rutherford

cross-section [7]. In the case of light particles compared to the nucleus mass, only a small
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Figure 2.2: Exemplary characteristic Landau-shaped probability of the energy deposited by a charged
particle traversing matter. The most probable value and the average value are indicated to highlight
their difference due to the asymmetric nature of this distribution.

amount of energy is transferred to the nucleus through the deflection. This is further facilitated
by the large range of the electromagnetic interaction. For large particle energies E > meqc?, the

scattering of shell electrons results in small deflections only.

In case the medium is thick enough to cause multiple scattering interactions, the number
of deflections and the final deflection angle depend on the underlying statistical processes.
Multiple scattering refers to scenarios with a finite number of deflections (typically > 20) [7].
An illustration of a particle subject to multiple deflections while traversing a medium is shown
in Figure The corresponding fundamental concept was established by Moliére |16} [17]. This
general description of multiple scattering yields an approximately Gaussian distribution for the
total angular distribution in most practical cases. However, measurements have shown that the
Gaussian prediction is not entirely accurate, especially for large scattering angles |18]. This
observation is contrary to the central limit theorem of statistics. Instead, a generally approved
approximation of the standard deviation of the multiple scattering angle distribution 6,5 in a

plane is given by the Highland formula and subsequent adjustment of its parameters |19 [20]:

ems

13.6 MeV /¢ x <
=—""
pB Xo

T
1+0.0381n — . 2.9
+ n Xo) (2.9)
Here, p and g describe the momentum and velocity of the particle with charge z, whereas X

denotes the radiation length and « is the thickness of the scattering material.
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Figure 2.3: Particle traversing matter and being deflected multiple times by Coulomb scattering.
The final deflection angle Opiane and the standard deviation s of the total angular distribution are
determined by the underlying statistical interaction processes. Adapted from [7].

2.4 Interaction of photons with matter

Since photons are electrically neutral, massless particles, they do not lose energy according to
the Bethe-Bloch formula. Instead, photons are either absorbed completely or scatter elastically
in the medium. The dominant interactions for photons above the ionization threshold are [7]
21):

e The photoelectric effect, which describes the complete absorption of a photon by an
atom of the medium and the resulting release of a shell electron through the energy

transfer.

o« Compton scattering, which describes the electromagnetic scattering of a traversing

photon and a shell electron.

e Pair production, which is defined as the conversion of a photon into an electron-positron

pair under the influence of a sufficient electric field.

While the photoelectric effect is the most probable interaction at low energies, the photon must
have a minimum energy of twice the electron mass (2-m) to undergo pair production. Figure
shows the attenuation of a photon beam in silicon and highlights the individual contributions
of each interaction process.

In the case of a monochromatic photon beam containing Ny photons, the number of photons

decreases exponentially
N(z) = Ny-e #* (2.10)

with the distance x traveled through a medium. The factor p in the exponent,

N,
p= pfff ; (2.11)

is the attenuation factor and quantifies the absorption probability of a single photon in the

material 7}, [21]. This probability is medium-dependent, as it is calculated from the density p



2 Interactions of particles with matter

104 | Fe Photoelectric effect
Mo Compton scattering
103 - Ag Pair production
- —— Total attenuation
|
€ 102
()
S 10%4
-
S
S 10°4
]
<
10—1 4
10—2 4
1073

10-3 10~2 10-! 10° 10! 102 103  10°
Photon energy / MeV

Figure 2.4: Total attenuation of photons in silicon across the relevant energy range. The individual
contributions of each ionizing interaction process are emphasized. Data from [22]. In addition, exem-
plary K, emission lines of Molybdenum (Mb), silver (Ag), and iron (Fe) typically used in laboratory
measurements are shown. Emission energies from [23].

and mass number A of the medium, Avogadro’s constant N, and the total interaction cross-
section o. Therefore, the energy deposition of photons in matter follows a continuous depth
profile, in contrast to the Bragg peak observed for charge particles (see Section [2.1]).

Photoelectric effect

The complete absorption of a photon with energy E, = hv by an atom under the release of
a shell electron is referred to as the photoelectric effect. Accordingly, the photon energy must
exceed the binding energy Fp of the electron in the atom. To conserve energy and momentum,
the atom, which is significantly heavier than the electron, takes up a negligible amount of recoil

energy. Thus, the kinetic energy of the electron [7]
T=E,—FEp (2.12)

results from the difference in photon energy and binding energy of the electron. This process is
the dominant photon interaction at lower keV energy ranges, while it becomes insignificant for
high energies. Moreover, the release of an inner shell electron results in an excited atom that
can relax through quantum mechanical transitions. Apart from relaxation through the emission

of a photon, the atom can also readjust itself into a non-excited state by releasing one or more

10
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additional shell electrons referred to as Auger electrons |21].

For a given photon energy, the photoelectric cross-section is strongly material dependent
as it increases proportionally to Z4~5. The emission of electrons with high binding energies
such as present in the K-shell are most probable. This also accounts for the characteristic
absorption edges |21] in the cross-section at the material dependent binding energies of each
shell (see Figure 2.4). Furthermore, the likelihood of a photoelectric interaction decreases
proportionally to 1/ E3'5 for higher photon energies in the associated dominant energy range.
For very large photon energies (E, > m,), the relativistic limit alters this dependency to
Ophoto(Ey > me) o Z°/E, |7]. However, the photoelectric effect is already suppressed by

Compton scattering and pair production at such energies.

Compton scattering

Incident photons in a medium can scatter on an atom as a whole or on a single shell electron.
Coherent scattering processes on the whole atom are dominant for low photon energies and
result in a typically small energy transition between photon and atom which is converted into
recoil momentum. For photon energies significantly larger than the binding energy (E, > Eg),
the shell electrons of an atom can be considered quasi-free. If such a highly energetic photon
scatters on an electron, which is kicked out of the atom’s shell as a result of this processﬂ it is
referred to as Compton scattering [21]. In this case, the transferred energy is transformed into
the recoil momentum of the released electron.

The kinematics of Compton scattering are given by the energy and momentum conservation
of the scattering process of the incident photon on a quasi-free electron at rest. Figure 2.7
provides an illustration of such a process including the initial and final state energies and

momenta. Consequently, the photon energy in the final state [7]

Ey

mchZ (1 —cosb,)

/
E’Y

(2.13)

14

depends on the scattering angle ., while the kinetic energy of the scattered electron 7' = E, —E
corresponds to the energy transferred by the photon. In the case of backward scattering (6, =

180°), the maximum energy transferred to the electron is |7]

2€

Tmax:E T o
14 2

(2.14)

Here, € = mb;lz indicates the photon energy in relation to the rest energy of the electron (i.e.

its mass). Hence, the measured energy spectrum of Compton scattering is cut off at an energy

below the photoelectric peak, also referred to as Compton edge. For E, > mec?, the maximum

11t is possible, that the electron is bound to the atom after the scattering process even though the photon is
sufficiently energetic. Such cases also classify as coherent scattering |7].

11
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Figure 2.5: Schematic drawing of Compton scattering of an incident photon on a quasi-free electron
at rest. The initial and final state energies and momenta of both particles are indicated. Adapted
from [7].

~ E, —mec?/2 7).

Compton scattering is the dominant interaction process for photon energies around 1 MeV [7].

energy transfer can be approximated as Tiyax = £, — E’%min
The interaction cross-section of Compton scattering on a free electron integrated over all possible
scattering angles was described by Klein and Nishina [24]. For low photon energies, the classical
limit described by the Thomson cross-section is approached. In the relativistic approximation
(Ey > me), the cross-section of a single, free electron is proportional to ocompton X 1/E,.
Additionally, materials with more shell electrons introduce more possible scattering options as
the binding energy of each shell electron becomes negligible for large photon energies. Thus, the
total cross-section increases with the atomic number Jég‘;n“;ton = Z0Compton, Where ocompton

denotes the cross-section for scattering of a single, free electron [7].

Pair production

The conversion of a photon into an electron-positron pair in the presence of a Coulomb field is
called pair production. This process is predominantly stimulated by the electric field of a nucleus
and requires a minimum photon energy of twice the electron mass F, > 2m.. Additional recoil
effects for energy- and momentum conservation are generally negligible due to the large mass
of the nucleus [7]. Furthermore, the physical process of pair production is closely associated
with the energy loss of electrons through bremsstrahlung (see Section [25]. Consequently,

screening effects are equally relevant for pair production.

For very high photon energies of € = mE“éQ > 10, pair production is the dominant interaction
process [21]. Nevertheless, the interaction cross-section of pair production does not depend on
the photon energy but on the material. Since the electric field of the nucleus is determined by the
number of charges within, the cross-section is dependent on the atomic number opair Z? 7).
Combined with bremsstrahlung, pair production generates electromagnetic showers.

Apart from pair production in the field of a nucleus, the process can also happen in the
electric field of a shell electron. However, this interaction is rare in comparison, except for very

light atoms, and requires an even larger photon energy [21].

12



3 Semiconductor particle detectors

Due to their electrical properties, semiconductors have become indispensable in modern electron-
ics. In addition, their low ionization energies and high charge carrier mobilities make semicon-
ductor materials excellent particle detectors. As a result of the technological advances over the
last decades, semiconductor detectors have become an essential tool in medical imaging, space
instrumentation, and high-energy physics. This chapter provides an overview on semiconduc-
tors and how they are applied in the context of high-energy physics. Section [3.1] introduces the
most important characteristic properties of semiconductors. In Section [3.1.2] and Section [3.1.3]
examples of key electrical applications of semiconductors are showcased. Section describes
the signal generation in semiconductors as well as the subsequent signal processing by readout
electronics. The second half of the chapter focuses on the use of silicon detectors as particle
trackers in high-energy physics applications. Section [3.3] covers the current standard of hybrid
pixel detectors for radiation-intensive environments with high rates and reviews the evolution of
monolithic pixel detectors as an alternative. Finally, the applications of radiation-hard depleted

monolithic active pixel sensors in high-energy physics experiments are discussed in Section [3.4]

3.1 Characteristic properties of semiconductors

In their solid state, crystalline semiconductors form a structure in which each atom establishes
a covalent bond with four neighboring atoms. This crystalline structure results in a periodic
arrangement of atomic nuclei and, consequently, a periodic potential throughout the crystal.
Solving the Schrodinger equation of such potentials is described in textbooks such as |26} 27] and
provides information about the energy eigenvalues of the overall system. In a pure semiconductor
crystal, the energy levels of each individual atom are the same. Since the Pauli exclusion
principle forbids the occupation of an energy level by more than two electron{l, the material’s
characteristic energy levels split according to the number of atoms in the crystal. The resulting
new energy levels only deviate marginally from the original one [27]. In the case of many-
atom systemsﬂ the density of discrete energy levels becomes so large that a quasi-continuous
range of occupiable energy exists, referred to as an energy band. A schematic illustration of
a periodic potential and the corresponding energy levels is given in Figure [3.1] According to

the solution of the Schrodinger equation, different energy bands are separated by regions of

ITwo electrons which occupy the same energy level are required to have opposite spins.
2Within a cubic centimeter of crystal, the number of atoms is in the order of 5 x 1022 [27].
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AR

Figure 3.1: Schematic illustration of a periodic potential and the corresponding discrete energy levels
of a one dimensional crystal (left). For a many-atom crystal, the energy levels are so dense that they
can be considered as quasi-continuous energy bands (right). The gap energy Eg.p is a characteristic
property relevant for the electrical conductivity of a material and describes the region of forbidden
energies between valence and conduction band. Adapted from [28].
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forbidden energy values. The highest energy band containing electrons in the ground state is
defined as the valence band, while the next higher group of permitted energy levels is referred to
as the conduction band [27]. The conduction band of a semiconductor is completely unoccupied
at temperatures close to absolute zero. In semiconductors, the two bands are separated by a
region devoid of permitted energy levels called the band gap. The energy range covered by the
band gap is a material dependent property referred to as gap energy Fg,,. The characteristic
attribute of semiconductors is the small gap energy of 1 or a few eVE| [7], which can be overcome
by additional (thermal) energy at higher temperatures. Typical elemental semiconductors are
silicon (Eg;p = 1.12¢V) or germanium (Ega‘?J = 0.66¢V), while gallium arsenide (EgGa?)AS =
1.424¢V) is a frequently used compound semiconductor. All corresponding gap energies are
taken from [7] and given at 300 K.

When an electron from the valence band is excited into the conduction band, it creates a
vacancy in the crystal lattice referred to as a hole. Electrons in the conduction band are only
lightly bound to nuclei and, thus, can be considered quasi free within the crystal. Similarly,
electrons involved in the covalent bonds can fill vacancies left behind in the valence band, also
allowing holes to move quasi freely within the band. Although holes are not physical particles,
they contribute to the electrical conductivity by effectively carrying charge in quantities of +-e.

Furthermore, semiconductors are categorized as direct or indirect based on the energy-
momentum relationship of the band structure. For direct semiconductors such as gallium
arsenide, the maximum of the valence band coincides with the minimum of the conduction
band with respect to the wave vector of the crystal. Indirect semiconductors like silicon or
germanium require a change of the wave vector and, thus, additional energy in form of lattice
vibrations to accomplish the transition between valence and conduction band. An illustrative
comparison of the two types is shown in Figure The reader is referred to [29] for a more
detailed explanation of this topic.

The electrical conductivity of a material rises with the number of (quasi) free charge carriers.

3In contrast, insulators have a factor 4 -5 larger gap energy at which thermal excitation at room temperature is
impossible, while the valence and conduction band are touching or even overlapping in the case of conductors.
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Figure 3.2: Schematic illustration of the difference between direct and indirect semiconductors. The
origin of the x-axis is set arbitrarily and the Miller indices [klm] define designated directions within the
crystal structure. Here, the gap energy is the same for both, however, the indirect type requires an
additional shift of the wave vector to accomplish the transition. Adapted from [7].

In the case of intrinsic semiconductors, which contain very few impurities, the occupation prob-

ability of an electronic state in thermal equilibrium is given by the Fermi-Dirac statistics [30]

1

- 3.1
1+exp(E;fF) ( )

f(E)

where k is the Boltzmann constant and T is the absolute temperature. The Fermi energy Fr is
defined as the energy at which the occupation probability of a state is exactly 50 %. Considering
intrinsic semiconductors, the Fermi level characteristically lies in the middle of the band gap (see

Figure [3.1)). The free electron concentration

oo
ne= | No(E)f(E)E (3.2)

Ec
is then given by integrating the effective density of states N¢(F) in the conduction band multi-
plied by the corresponding occupation probability over all energies of the conduction band and
above. Similarly, the hole concentration in the valence band can be determined. Under the
assumption of thermal equilibrium, the free electron and hole concentrations are equivalent and

the free charge carrier density is given as [30]

Ec—-FE Ega
= Ve exp (- E ) - VReR e (-2 ) (33
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Here, N¢ and Ny are the effective densities of states in the conduction and valence band,
respectively, which imply a strong temperature dependence (N¢, Ny o T3/ 2) in the free charge
carrier density [7]. Consequently, the current density and resistivity of intrinsic semiconductors

depend significantly on temperature.

3.1.1 Doping of semiconductors

The selective insertion of other materials into the natively very pure semiconductor lattice is
a common procedure to alter the electrical properties of a semiconductor. Injecting intended
impurity atoms referred to as dopants into the pure lattice structure is called doping and creates
energy levels within the forbidden band gap. To achieve the desired electrical modification, the
dopants are required to have either one more or one less valence electron compared to the
four valence electrons of elementary semiconductors. When introducing an element with five
valence electrons (such as phosphorus or arsenic), only four of these form covalent bonds with
the neighboring silicon atoms. Consequently, energy levels close to the conduction band are
created, which are occupied by the remaining electrons. Thus, such a dopant is called donor
and correspondingly doped semiconductors are categorized as n-type due to the electron excess.
On the contrary, the introduction of atoms with three valence electrons (such as boron) into
the crystal results in missing electrons in the covalent bonds and the formation of energy levels
close to the valence band. These dopants are called acceptors and the resulting excess of holes is
characteristic for correspondingly doped p-type semiconductors. It is important to note that the
crystal remains electrically neutral in both cases due to the charge of the inserted atomic nucleus.
Figure schematically depicts the effects of doping on the band structure of semiconductors.
For typical donors and acceptors, the created energy levels are in the order of O(0.05¢€V) below
the conduction or above valence band, respectively |30]. Due to this very small energy difference,
room temperature is sufficient to cause ionization of donor states and occupation of acceptor
states resulting in an increase of free charge carriers in both bands, independently. Since holes
are the numerically dominant free charge carriers in a p-type crystal, they are referred to as
majority charge carriers. Likewise, electrons are the majority charge carriers in an n-type
crystal. Furthermore, the additional energy states cause a shift of the Fermi level towards
their energetic position (e.g. the Fermi energy for an n-type semiconductor shifts towards the
conduction band). The extent of change depends on the donor or acceptor concentration. When
high enough, this can even result in the Fermi level lying within the conduction or valence band,

respectively [7].
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Figure 3.3: (a) Schematic band structure of p- and n-type semiconductors, respectively. The additional
energy levels introduced by the doping and the resulting shift of the Fermi energy are visualized.
(b) Brought into contact, the band structure of an abrupt p-n junction bends. This is caused by the
diffusion of charge carriers due to gradients in their density and the resulting built-in voltage V4; created
by space charge that offsets the diffusion in thermal equilibrium. Physical constraints require that the
Fermi level remains constant across the whole crystal. Adapted from .

3.1.2 P-n junction and space-charge region

Fabricating adjacent p-n-type semiconductors and, thus, creating a p—n—diodeﬁ is essential for
the particle detection application of semiconductors. Due to the concentration gradients of the
two different charge carriers across the combined entity, electrons from the n-type diffuse into
the p-type region to recombine with holes and vice versa. As a result, a zone without free
charge carriers forms around the boundary area of both crystals typically called depletion zone
or space-charge region. After recombination, ionized atoms remain in the crystal, creating space
charge and thus an electric field that generates drift which counteracts the diffusion. Because of
the difference in dopants, negative space charge builds up in p-type and positive space charge in
n-type semiconductors. In thermal equilibrium, the diffusion is counterbalanced by the created
electric field, the magnitude of which is referred to as the built-in voltage, and the accompanying
drift. This potential difference leads to a bending of the energy bands proportional to the built-in
voltage while the Fermi level stays constant across the whole crystal as visualized in Figure[3.3b
The following derivations of characteristic properties of a p-n junction are based on if
not stated otherwise and kept one-dimensional for the sake of simplicity. Since the combined
semiconductors must be electrically neutral overall, the number of charge carriers that recombine
must originate equally from p- and n-type. Thus, the spatial extension of the depletion zone into

the respective doping type x, depends on the concentration of donors Np and acceptors Na

40ther diode types share the same fundamental principles but have different specific properties. Particularly
noteworthy is the Schottky diode, which consists of a metal-semiconductor interface and is widely used in
modern electronics for its fast switching speeds.
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as described by the neutrality condition:
Nazp = Npz, . (3.4)

Furthermore, the charge carrier density in thermal equilibrium, in which diffusion and drift
offset each other,

—eNy  for —2,<2<0

+eNp for 0<x<ux,
is also obtained from the doping concentrations directly. Applying Maxwell’s equations, the

electric field across the crystal

/Lp(xdx* %JZA(J?—I-JZP) for —zp,<x<0

€€ +eNp (
€0E

E(z) = (3.6)

T — Ty) for 0<z <,

is determined by integrating the space-charge density over the spatial parameter normalized
to the permittivity e. Outside the depletion zone, the electric field is zero as specified by
the neutrality condition. The behavior of the aforementioned parameters along an abrupt p-n
junction is illustrated in Figure [3:4] In addition, the built-in voltage is calculated from the

electrical potential difference at the edges of the depletion zone

Tn

Vg = 6 — bp = f/ Bx)ds =

—zp

i})e(NAxf) + Npz2) . (3.7)
Typical built-in voltages of silicon diodes are in the range of 0.4—0.8V.

The additional supply of an external voltage Vext to the p-n junction changes the characteristic
properties and puts the system out of its thermal equilibrium. The polarity of this voltage is
relevant: In case the external voltage counteracts the built-in voltage (specified as forward bias),
the space-charge region reduces and disappears completely when the two voltages compensate
each other. From this point, charge carriers can move freely throughout the crystal and the
diode current increases exponentially with the external voltage [31]. In contrast, the depletion
region grows larger with the applied voltage if the external voltage is of the same polarity as

the built-in potential (reverse bias scenario). Rearranging Eq. (3.7)) reveals a proportionality to

Vv V;ext

2¢q€ Vext > Vbi 2€g€
n ~ Vi Vx ~ 7‘/)( 38
Tp, \/eNA,D( bi + Vext) eNap t (3.8)

as the approximation of Voy > V4,; holds for the small built-in voltage of silicon and the typically
large external voltage. Also in the reverse bias scenario, a small current referred to as leakage
current is measurable for a p-n junction. The magnitude of leakage current is dominated by
thermal generation of electron-hole pairs in the space-charge region and, thus, proportional to

the depleted volume. Before exposure to radiation, leakage currents are typically in the order
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Figure 3.4: Change of characteristic properties across an abrupt p-n transition. Adapted from [7].

of nA/em~2 [7]. Furthermore, the capacitance of the diode decreases as the depletion zone

increases.

Silicon detectors are operated in reverse bias to extend the depletion zone over the entire sensi-
tive area, if possible. Traversing charged particles generate electron-hole pairs (see Section ,
which would recombine quickly in non-depleted regions of a p-n junction and, consequently,
could not be detectedﬂ In addition, strong electric fields across the depletion zone combined
with low leakage currents are desired to facilitate fast charge collection and low noise in the sen-
sor. Typical external bias voltages range between 1 V and 1000 V depending on sensor properties

(doping concentration, thickness, etc.) and application.

5This is not as critical for semiconductors with significantly smaller intrinsic charge carrier density such as
gallium arsenic [7].
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Figure 3.5: (a) Schematic illustration of a generic MOSFET structure. The structure features four
contact points: drain, source, gate, and substrate. The insulating oxide layer between gate and substrate
prevents direct-current flow between the two components. Adapted from . (b) The idealized drain
current characteristics emphasize the effect of the gate voltage Viate, drain voltage Vprain, and their
relation on the current flow of a MOSFET. The dashed lines separate the different operational regions.
Modified from .

3.1.3 MOS transistors

One of the most important applications of semiconductors are so-called [metal-oxide-semiconductor
transistors, which are used to realize complex integrated circuits on the sub-micrometer

level. As the name suggests, the interface between metals, insulating oxides, and semiconductors

is exploited to achieve the desired electrical properties in such circuits. A detailed derivation
of the underlying physics is beyond the scope of this thesis, and it is referred to . Never-

theless, the most commonly used jmetal-oxide-semiconductor field-effect transistor (MOSFET)|

is introduced, as it plays an essential role in the high-density readout electronics of detectors.

AMOSFET]structure comprises two highly doped channels called drain and source embedded
in an oppositely lowly doped silicon substrate (7], as shown in Figure The surface between
drain and source is interfaced to a metal, referred to as gate, via an insulating oxide, which
prevents direct-current flow towards the gate. In total, the structure contains four electrical
contact points: drain, source, gate, and substrate.

A [MOSFET] has different modes of operation based on the applied voltages at the contact
points, while keeping the drain at a higher absolute potential than the source. If the gate voltage
Vaate 18 kept below an intrinsic threshold voltage Viy,, almost no current will flow from source

to drairﬂ and the device is effectively off. For gate voltages above this threshold, a conductive

6A small current referred to as sub-threshold current continues to flow .
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inversion layer of charge carriers forms below the oxide and a so-called drain current flows.
This current increases for larger gate voltages and is proportional to the geometrical length and
width of the gate contact [7]. If the potentials applied to source and drain is not identical, the
conductive inversion channel is not symmetric below the gate and the current flow can also be
manipulated by the drain voltage Vprain. For small drain voltages (Vprain < Vaate — Vrnr), the
drain current is proportional to the drain voltage and the [MOSFET] is operated in the linear
region. If the drain voltage exceeds the effective gate voltage (Vprain > Vagate — Vrhe), the
inversion channel at the drain contact is (close to) zero and the drain current saturates [29].
Between the operation in saturation and in linear relation, there is a transition region generally
referred to as mon-linear region. The idealized drain current characteristics for different gate
and drain voltages are shown in Figure

For[MOSFET]devices, a distinction is made between NMOS structures, where the substrate is
of p-type silicon, and PMOS structures, where the substrate is of n-type silicon. Depending on
the substrate type, the free charge carriers below the gate change (electrons for p-type substrate

and holes for n-type substrate) 7]. Integrated circuits that employ both types of structures are

categorized as [complementary metal-oxide-semiconductor (CMOS)| devices. They are realized

through the implantation of additional deep wells oppositely doped than the substrate that

provide a local bulk for complementary devices.

3.1.4 Charge carrier transport in semiconductors

The transport of charge carriers in materials originates either from intrinsic states of non-
equilibrium or from the application of external fields. Diffusion occurs whenever the charge
carrier concentration is non-uniform across the semiconductor as in the case of local charge car-
rier injection or inhomogeneous exposure to radiation. It describes the movement of free charge
carriers from the highest towards the lowest concentration region to balance this discrepancy
and does not require an external electric field. According to Fick’s law of diffusion, the carrier
flux is proportional to the respective concentration gradient ﬁp or Vn and results in a diffusion
current [29)

fgiﬁ = —eD,Vp or jUf—ep,Vn (3.9)

depending on the charge carrier type. The proportionality factor Dy, ,, is defined as the diffusion
coefficient and is related to the respective charge carrier mobility pp, » as well as the temperature
based on the Einstein relation [29):

kT
Dp,n = /f’/p,n? . (310)

If an electric field E is applied, free charge carriers are accelerated and drift with or against

the direction of the field, depending on charge polarity. While drifting, the charge carriers

scatter off impurities and phonons in the lattice structure resulting in momentum and direction

21



3 Semiconductor particle detectors

changes. The average equation of motion for a charge carrier with drift velocity vp in such a
scenario is given by [7]
Meff (17]3 + 17]3/7') = qﬁ (311)

where meg is the effective mass of the charge carrier with charge ¢ and 7 is the mean time
between collisions. Under the assumption of constant drift velocities (5’1) = 0), the equation of

motion yields a direct dependency between drift velocity and electric field [29)

- qr Ezuﬁ
Meft

, (3.12)

while the proportionality factor is summarized as the charge carrier mobility. For increasing
electric field strengths, the charge carriers start to scatter inelastically, and, in the case of very
high electric fields, can ionize lattice atoms causing a charge carrier avalanche. Consequently,
the drift velocity becomes progressively independent of the electric field and saturates eventually.

Studies have shown that the assumption of a field strength-dependent mobility [32]

—

o = W(E)E = R E
B
1 ()]

accurately describes the drift velocity over a wide electric field range. Here, pg is the mobility

(3.13)

at low electric fields and vg,¢ refers to the drift velocity in saturation, while § is an empirically
determined parameter ranging between 1 and 2 depending on the charge carrier type. In silicon,
the mobility of electrons and holes at low fields are 1450 cm?/Vs and 500 cm?/Vs at 300K,
respectively, whereas saturation velocities are in the order of O(1 x 107 cm/s) [7]. Furthermore,

the motion due to drift results in a drift current [7]

FU — e(ppy — npn)E = o (3.14)
proportional to the electric conductivity o, which comprises charge, density, and mobility of the
free charge carriers. Thus, the total current within the semiconductor is obtained by the sum
of both contributions

jrotal _ FAiff | Fdrife (3.15)

Charge clouds

Assuming multiple charge carriers are generated at a point-like location without an external
field present, diffusion causes the charge carriers to disperse into a Gaussian shaped cloud over
time. The width of such a charge cloud in one dimension is given by o = \/m [7], where
t denotes the time. In a realistic scenario, the multitude of charge carriers generated along the
trajectory of an impinging [MIP] are swept away by an electric field. Thus, the charge carriers

are also subject to diffusion for the duration of the drift time spreading the signal around the
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particle’s trajectory. At constant drift velocities, the spatial extension orthogonal to the drift
direction o = /2D, ,&/Up can be associated with the drift distance Z.

3.2 Signal processing

The deposited energy by traversing particles in a semiconductor detector must be converted
into an electrical signal for further processing. To understand the signal processing chain,
the following section describes how the deposited energy generates a measurable signal in a
semiconductor. Subsequent readout electronics for amplification, shaping, and digitization of

the generated signal are described in Section [3.2.2

3.2.1 Signal generation

Impinging particles and radiation are detected by energy deposited inside the detector, which
generates electron-hole pairs. Semiconductor detectors maximize the depletion zone of differ-
ently doped junctions to prevent immediate recombination. In addition, the applied bias voltage
to deplete the sensitive area causes the created charge carriers to drift in opposite directions.

One common misconception is the physical relationship between signal charge and potential
at the collection electrode. In fact, the movement of the charge carriers relative to the electrode
already induces a measurable signal. The coupling of a charge at any position to a given electrode
is expressed by the weighting potential of the specific electrode, while the drift direction and
velocity are defined by the existing electric field [33]. Therefore, a charge carrier does not
necessarily need to reach the electrode to be detected.

The general concept of weighting potentials and the induced signals due to moving charges
is described by the Shockley-Ramo theorem |34} |35]: Considering a system with & electrodes in
which all except electrode i are at the potential @p-;(7) = 0, the weighting potential and the

corresponding weighting field of electrode i are

¢4 ()

v and Ey; = —Voyi(7) . (3.16)

Pw,i(T) =

For simplicity, the voltage V; is usually normalized to one. An exemplary simulation of the
weighting potential and weighting field lines for a segmented, multi-electrode system is shown
in Figure When a charge ¢ moves by dr within this system, the induced charge signal in
electrode i is determined by the respective weighting field

dQ; = —qEy d7 . (3.17)
Consequently, the corresponding induced signal current depends on the drift velocity

i; = qBw,iTp (3.18)
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Figure 3.6: Two-dimensional simulation of the weighting potential (color gradient) and field shaping
(gray lines) of a segmented, multi-electrode configuration. The center electrode lies on potential V; = 1
while all other electrodes are set to ground. From .

and thus, according to Eq. (3.12) and Eq. (3.13), on the electric field. Depending on the
application, the induced current is measured through a resistor or integrated over a capacitor
to convert the signal to a voltage or charge, respectively. If the space-time relation 7(t) of the

drifting charge is known, integrating over its trajectory yields the total induced signal charge [7]

(t)

Qi==q [ Buadi = ~qlows(70)) — bui(7lt0))] (3.19)
m(to)

which is proportional to the difference between the weighting potential at starting position 7(¢o)

and final position 7(¢;).

The following is a simple example of the introduced concept using an unsegmented silicon
detector in the form of a p-n junction with two electrodes. The derivation is based on . If
~ eNegr d_2

the external voltage exceeds the depletion voltage Viep ~ prat ol

concentration Neg and thickness d of the detector, the electric field between the electrodes

given by the effective doping

exhibits a constant offset proportional to the applied voltage. For sufficiently large external
voltages, the configuration effectively resembles a parallel plate detector with space charge in
the depleted area. Choosing the coordinate system in such a way that €, is the direction vector

of the shortest distance between the electrodes, the electric field along this axis is described by

= Vext + Ve 2V, R .
E(.T) _ ext T Vdep . depx Ep = — (a — b:];) €y - (3.20)
d d?
The parameterization of a = % and b = 2‘;‘?" is useful for simplifying equations in later

steps. Since the weighting field is not affected by the space charge created due to full depletion

of the volume, it stays constant across this configuration:

Ey=-=& . (3.21)
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Generated e-h pairs are separated by the external voltage and drift towards a respective elec-

trode. The corresponding characteristic drift time

d2

= — 3.22
2lle,h Vdep ( )

Te,h
depends not only on the charge carrier mobility and maximum drift distance, but also on the
depletion voltage. For a fully depleted configuration, charge carriers created at the location of

the opposing electrode experience the maximum drift time

Vvext + Vdep

Te’h = Te.h * In
‘/ext - Vdep

max

(3.23)

determining the duration of signal generation. Once the charge carrier reaches its destination
electrode, it no longer contributes to the signal. Based on the above considerations and neglect-
ing diffusion, the signal current induced in the sensitive electrode by N equally distributed e-h

pairs can be expressed by

N 1 1
Zc(t) = 7%72?6671&/7—6 <Zx;ax — Q.T?nax> for 0<t< Tr?lax (3 24)
in@) = I L rm (@ on L e N .
h - 42 Th b min 2 min max
where
e _a AN\ t/re h _a(_ —t/m
Tonax(t) 5 + (d+ b) e and  z,;, (%) 5 (1 e ) (3.25)

denote the time dependent position of the charge carriers with the longest drift distances. The
integration of the signal current over time directly yields the collected signal charge. Figure[3.7]
shows the calculated signal current and charge for typical values and operational conditions of
pixel detectors. Besides the longer drift duration of holes compared to electrons due to differing
mobilities, a dependence of the signal on the external voltage is apparent. To ensure complete
signal collection within a finite time interval, over-depletion (Vext > Vaep) of the detector is
assumed for this calculation. If this is not the case, charge carrier motion by diffusion becomes

crucial and can no longer be neglected.

3.2.2 Readout electronics

The processing of analog signals into digital data is done by the front-end readout electronics.
A generic readout channel comprises multiple stages for signal amplification, signal filtering and
shaping, and signal digitization as is shown in Figure[3.8] In pixelated semiconductor detectors,
each pixel is electrically coupled to an individual front-end circuit. Since the initial signal in
such detectors has a very small amplitude, its amplification at an early stage in the readout

chain is essential. This so-called pre-amplification provides high internal gain and configurable

25



3 Semiconductor particle detectors

< 30 V bias voltage 60 V bias voltage
< 800 1 --- electrons 1500 - --- electrons
% 600 _\\ """ holes \‘ ...... holes
£ \ combined 1000 1 combined
S 400, \
— \
© \ 1
5200 ) 00Tl
n NI \
0 )\ SES BN - o4 ‘—a=s
$1.01 1.0
©
S 0.8 0.8
©
é 0.6 1 0.6 1
] O ":_T-T-""""‘____ /" - :.'- mEmmmmmmmm
304/ : 0.4 41+
= AR l'
T 0.2 4/ 0.2 4+
£ /I I,
§ 0.0 -;’. T T T O.O -‘. T T T
0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0
Time / ns Time / ns

Figure 3.7: Signal current (top) and normalized signal charge (bottom) induced by charge movement
and accumulation in an unsegmented silicon detector. This example assumes 10000 e-h pairs generated
uniformly along the track of a [MID] traversing a 100 pm thick detector perpendicularly. The complete
charge collection is ensured by bias voltages greater than the depletion voltage Viep = 20V of the

detector. The dependence of the signal duration on the external voltage and over-depletion is visualized
between Vexy = 30V (left) and Vexy = 60V (right).
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Figure 3.8: A generic analog front-end readout chain used for pixelated detector systems. The gener-
ated signal is amplified and shaped before being digitized by the discriminator stage. The transformation
of signal shape is indicated in blue. To verify the functionality of the readout electronics, an injection
circuit is implemented to induce artificial signals at the pre-amplifier input. Adapted from [36].
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Figure 3.9: Time-over-threshold method utilized to measure the deposited charge which is proportional
to the amplitude of the shaped signal pulse. The sampling rate and, thus, resolution of this method
depends on the provided clock of the system.

operation through the external circuit [36]. As the pre-amplifier is the first stage of the readout,
it must have a high signal-to-noise ratio while respecting the allowed power budget and heat
dissipation. Depending on the detector type and application, the most efficient input signal can
be a current, a voltage, or a charge. Thus, the subsequent amplification stage is implemented
as a current-, a voltage-, or a charge-sensitive amplifier, correspondingly, with the latter being
most common. In addition to the resistive feedback required in any amplification stages, charge-
sensitive amplifiers typically also have capacitive feedback to integrate the collected charge. In
this case, a constant feedback current source yields the discharge of the feedback capacitor
at a constant slope. For any amplification stage, the width of the resulting amplified pulse
is proportional to its amplitude and, thus, to the deposited energy in the sensitive volume.
Typical pulse widths after the amplification stage range from several 10ns up to several 1 s [7].
Further pulse shaping in the filter and shaping stage may be necessary to minimize the noise
contributions or shorten the output signals to prevent pile-up effects in high-rate environments.
Pile-up effects describe the indistinguishability of two (or more) signals overlapping timewise

within the readout electronics, because the signals are not processed quickly enough.

Finally, the discriminator stage compares the amplified and shaped signal to an adjustable
threshold and digitizes it. In the case of a constant feedback current, the duration for which
the shaped signal pulse exceeds the discriminator threshold is proportional to the initial signal
amplitude and can be used to measure the deposited energy. This method, referred to as
time-over-threshold, is commonly used in high-energy physics applications and illustrated in
Figure [3.90 The resolution of the time-over-threshold measurement depends on the sampling
rate of the discriminator given by the provided clock frequency. In addition to a global register
controlling all readout channels, the threshold of each pixel’s discriminator can, typically, be

individually tuned (see Figure [3.8]) to compensate for manufacturing process deviations. The
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digitized data is then passed on to further digital logic, where it is aggregated into a detector
specific data stream and transmitted to the data acquisition system (see Section [5.3)).

To validate the functionality of the front-end electronics, readout chains are equipped with
a test-injection circuit to induce artificial signals at the pre-amplifier input node. This feature
is implemented by a well-defined injection capacitance Ciyj, across which a known voltage is
applied [36].

3.3 Silicon detectors for tracking applications

Tracking detectors play an essential role in high-energy physics collider experiments as they
are responsible for the accurate reconstruction of particle tracks. This is necessary to verify
particle decays and locate their so-called vertex position at a high precision. For this purpose,
the tracking detector is installed as close as possible to the interaction point of the experiment.
As a result, it receives the highest particle rates and the most radiation damage of any sub-
detector. The constantly increasing demands on tracking detectors over the last decades raise
the indispensability of semiconductor trackers, which results in a continuous development. The
combination of precise spatial resolution and fast signal readout in the order of O(um) and O(ns)
across multiple channels provided by silicon detectors is ideally suited for tracking applications
in high-luminosity environments. To reach the required spatial resolution, the electrodes of a
semiconductor detector are segmented where each electrode functions as an individual readout
channel. Consequently, a particle’s trajectory can be associated with the location of the electrode
in which the signal is induced.

Micro-strip detectors are a straight forward example of the realization of segmented electrodes
in one dimension. Early studies were able to demonstrate less than 5 pm spatial resolution in
the direction of their segmentation for strip pitches of 60 pm 37} [38]. A schematic illustration
of such a sensor layout is shown in Figure [3.10] Multiple approaches for measuring the position
in all three dimensions exist: The simplest method utilizes two layers of single-sided strip
detectors tilted towards each other. A more novel option implants an additional set of strips
perpendicular to the initial set at the rear side of the same silicon bulk. The fabrication of
such double-sided micro-strip sensors is very complex and, thus, expensive at the benefit of
minimizing the supplementary material of the detector [30]. Single-sided strip sensors are a
popular concept of semiconductor trackers for current and planned experiments to cover large

areas at comparatively low cost and complexity |39, 40]. The induced signals are typically

routed to the periphery of the sensorﬂ where a dedicated readout [application specific integrated|
circuit (ASIC)|is connected to handle the data processing of all channels. Another common

concept is the segmentation of the electrode into pixelated areas yielding two-dimensional spatial

information within a single sensor. Modern pixel detectors in the high-energy physics field rely

“In general, the sensitive area of a semiconductor detector is referred to as sensor while the signal processing
part is referred to as front-end or readout.
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Figure 3.10: Schematic visualization of segmented electrodes implemented in a single-sided micro-strip
detector. Each electrode is connected to an individual readout channel and functions as an independent
detector. From [28].

on pitches in the order of O(10 — 100 pm) per segment which results in O(10*) separate readout
channels per square centimeter . Consequently, it is not feasible to route each individual

signal to the periphery of the sensor and an alternative method is required.

3.3.1 Hybrid pixel detectors

The concept of hybrid pixels describes combining an electrically passive sensor with an active
readout [ASIC|on a per-pixel level and its functionality was validated by the RD19 collaboration
at CERN . To realize this, the segmentation of both sensor and readout chip must match
preciselyﬂ Furthermore, the small sizes and high density of individual pixels require a sophisti-
cated and expensive connectivity procedure on micrometer level called fine pitch bump bonding.
This procedure includes preparation of the contact points in form of under bump metallization,
deposition of the connecting bump bond, and high-precision alignment of the contact points be-
tween both chips. For a detailed description of the bump bonding process it is referred to .
Due to the large number of channels, readout chips are usually with per channel front-end elec-
tronics to digitize the induced signals and a global logic and communication block (typically
located at the chip’s periphery) to process and transmit the data. A schematic layout of the
hybrid pixel concept is illustrated in Figure While the sensor does not require active elec-
tronic components, high-resistivity substrates with thicknesses in the order of O(100pm) are
necessary for efficient charge collectiorﬂ Front-end chips utilize commercial technology

8In this case, precise matching describes a one-to-one connection between a sensor pixel and a front-end pixel,
while the individual pixel size can differ between the two. For example, it is possible to match 50 pm x 50 pm
front-end pixels with 25 pm x 100 pm sensor pixels.

9Due to their requirements on substrate resistivity and thickness, sensors wafers were previously not available
from commercial vendors. However, studies have shown, that passive sensors manufactured in commercially
available CMOS processes form a promising alternative .
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Figure 3.11: Schematic layout of hybrid pixel cells consisting of precisely aligned sensor- and readout
pixel connected via a bump bond. From .

and low-resistivity silicon allowing the implantation of many active components and high wafer
throughput but limit the feasible reticle size permitted by the manufacturer. Thus, often more
than one readout chip is connected to a single sensor tile forming a so-called multi-chip module
to cover more area efficiently.

The major advantage of the hybrid pixel concept is the possibility of optimizing both, sensor
and readout chip, separately towards their application. This facilitates a large signal-to-noise
ratio at fast operating and readout frequencies . Therefore, hybrid pixel detectors are the
current state-of-the-art technology for applications in the harshest radiation environments with
tremendous data rates . With regard to the high-luminosity upgrade of the ATLAS and
CMS experiments at the [LHC] a readout [ASIC] tolerating up to 1 Grad in ionizing dose was
successfully developed within the RD53 collaboration . The separate optimization of the
sensors successfully ensured efficient charge collection up to 1 x 10'%neq cm=2 fluences [44).
The drawback of the hybrid pixel concept, however, is the expensive and complex bump bonding
procedure as well as the additional material that is installed in the experiment because both chips
require a certain thickness for handling. The latter is especially important for high precision
measurements since more material increases multiple scattering and, thus, reduces tracking

precision.

3.3.2 Monolithic pixel detectors

Since the main components of hybrid pixel detectors are typically fabricated in silicon, the
attempt of combining both sensor and front-end electronics in a single entity of silicon is a

logical enhancement to simplify manufacturing. This significantly reduces the thickness of the
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detector, as the additional material of the [ASIC| chip substrate and the bump bonds become
obsolete. Furthermore, the monolithic approach facilitates designs with pixels that are smaller
than the 50 pm pixel pitch currently available by standard bump-bonding techniques in this
ﬁelﬂ The developments of such monolithic pixel detectors already started in the 1980s [46,
47] and produced different strategies of integrating the active electronics partially or fully. The
latter are generally referred to as [monolithic active pixel sensors (MAPS)| DEPFETH pixel

structures incorporate a single transistor per pixel to allow an immediate internal amplification

before routing the signal to a separate readout chip. This semi-monolithic technology is used
in the pixel detector of the current vertex detector of the Belle IT experiment [48]. Utilizing the
silicon-on-insulator (SOI) technology, a micrometer thick silicon-oxide insulating layer separates
the active front-end electronics from the high-resistivity passive sensor volume and functions as
shielding of potential cross-talk [49]. The connection between the different layers is established
by vertical connections through the insulator.

The concept of exploiting commercial [CMOS] technologies without an additional insulating
layer proves to be very popular due to the potential for low-cost and high-throughput production.
In this case, additional highly doped (deep) wells shield the electronics from the sensitive volume
to mitigate cross-talk between one another. It must be emphasized that [MAPS|are significantly
more susceptible to cross-talk between front-end and sensitive volume making shielding of the
electronics essential even at the expense of the individual optimization of each. Since the silicon
substrate used for these technologies is typically of p-type, the collection electrode is realized
as a strongly doped n-well. The complex in-pixel electronics are shielded by additional p-wells
as other n-wells would distort the charge collecting electric field. The cross-section of a generic
[MAPS]| implementation is visualized in Figure Such commercial manufactures commonly
use low-ohmic substrate wafers onto which a 1—20pm thick, high-resistivity epitaxial silicon
layer is grown [7]. This limits the generated signal amplitude and requires very little noise
in the readout electronics to function efficiently. Some vendors also allow the production on
custom, commercially unavailable high-resistivity wafers enhancing the signal charge generation
at higher production costs. Both options were investigated and delivered successful results [50),
51]. Furthermore, early developments of were restricted in the maximum applicable bias
voltage needed to deplete the sensitive volume, since the protection of the front-end electron-
ics from these voltages is not trivial. Thus, the sensitive volume is only depleted close to the
collection electrode and the charge collection is dominated by diffusion. Due to this, charge
collection times are long, and such designs are prone to charge carrier trapping reducing the
already small signal further after irradiation. This yields the technology particularly inappropri-
ate for radiation-harsh environments with large particle rates or precise timing measurements.
Nevertheless, for suited requirements, [MAPS| implemented in commercial [CMOS] technologies
have been successfully operated in the field of high-energy physics [52] and further applications

10Studies on decreasing the achievable pixel pitch by adjusting the bump-bonding technique are ongoing [45]
but are currently not in high demand in the field of high-energy physics.
HDepleted field-effect transistor
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Figure 3.12: Cross-section of a monolithic active pixel cell. The complex front-end electronics are
shielded by deep p-wells while a deep n-well functions as the charge collection electrode inside the
p-type silicon substrate. Due to the small depleted volume, the charge collection relies significantly on
diffusion. From .

are planned .

3.3.3 Depleted monolithic active pixel sensors

Increasing the depleted volume of [MAPS] to rapidly collect the entire charge signal by drift is
essential to render monolithic pixels viable for high-rate and high-radiation environments such
as those faced in the [LHC] Since the expansion d of the depletion zone depends not only on the
external voltage but also on the resistivity p of the silicon substrate (see also Section

d o< \/pVexty Tor Ve > Vi (3.26)

there are two possible adjustments for enhancing the initial concept by the desired effect: The
use of the aforementioned custom high-resistivity wafer substrates and the capability of ap-
plying external voltages to the substrate which are larger than the usually allowed < 3.3V
in technologies. Both strategies were pursued (also in combination) and mod-
ern developments achieve a substrate resistivity of 1-10kQcm and high voltage capabilities

up to 10-500V depending on manufacturer, sensor design, and target application. Such

[pleted monolithic active pixel sensors (DMAPS)|yield similar signals amplitudes and fast charge

collection times compared to conventional hybrid pixel detectors at lower material budgets. In
addition, the benefits of using commercial[CMOS]technologies and the non-necessity of complex
interconnection techniques generates a low-cost alternative to the hybrid pixel design. However,
the monolithic approach loses the advantage of separately optimizing both readout [ASIC| and
sensor chip as described in Section [3:3.2] This poses a considerable challenge when trying to

achieve the same radiation hardness of state-of-the-art hybrid pixel detectors in particular.
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Many prototypes and demonstrators have been developed over the recent years [54) 5659

which can generally be divided into two design concepts:

o Large-collection-electrode designs fully integrate the front-end electronics inside the

deep n-well charge collection electrode that covers nearly the entire pixel area.

¢ Small-collection-electrode designs utilize small charge collection electrodes compared
to the pixel size which requires the separation of the electronics inside deep-p wells at the

pixel edges.

Both design concepts experience performance trade-offs which are optimized specific to their
application. The small collection electrode yields a lower detector capacitance Cq and, thus,
facilitates low-noise operation and fast signal processing. In contrast, a large collection electrode
ensures a more homogeneous electric field across the sensitive volume improving the prerequisites
for radiation hardness. A more detailed discussion of both design concepts is given in the

following.

Large-collection-electrode design

As the name implies, this design utilizes a large collection electrode of similar size as the pixel in
which all in-pixel electronics are implemented. The charge collection electrode is implanted very
deep (up to 20 pm) within the substrate ensuring enough space for electronics and shielding.
Typically, high-resistivity p-substrate wafers are chosen in which the collection electrode is
realized as n-type implant, although other configurations are also available. The schematic
cross-section of a generic pixel cell with large collection electrode is shown in Figure [3:13] The
realization of [CMOSY] electronics within the collection electrode requires an additional deep p-
well layer to isolate the n-wells of PMOS transistors from the very deep n-well. Furthermore,
the proper shielding of the readout electronics is extremely important to prevent possible cross-
talk into the collection electrode in this design approach. The external bias voltage to deplete
the sensitive volume is either applied through a vertical connection from the topside or through
a backside contact to the p-type substrate. The latter requires backside metallization of the
wafer, which poses an additional processing step. The collection electrode stays at or close to
ground depending on coupling from voltages supplied to the in-pixel electronics. Additional
p-type implants in between the collection electrodes improve the electric field shaping in the
pixel edges and separate the individual pixels from each other.

Due to the large fill factor, a uniform electric field and short drift distances across the entire
sensitive volume are facilitated and reduce charge trapping probabilities after irradiation. Thus,
large-collection-electrode designs naturally have a higher radiation tolerance than their coun-
terpart designs. This can be enhanced by providing high breakdown capabilities through design
that ensure full depletion and high charge collection efficiency even after irradiation. Dedicated

guard ring designs achieve breakdown voltages of several 100V and are implemented in modern
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Figure 3.13: Cross-section of a depleted monolithic active pixel cell designed with a large collection
electrode. All front-end electronics are located inside the deep n-well collection electrode close to the
size of the pixel pitch. Deep p-wells shield the electronic from cross-talk into the collection electrode.
Individual pixel cells are separated by p-stop implants which also direct the electric field in the inter-
pixel region towards the pixel center. Typically, the external bias voltage is applied at the back of the
substrate requiring backside metallization. From .

prototypes [60]. However, the sheer size of the collection electrode combined with the
additional capacitance created by the neighboring very deep n-well and deep p-well implants
result in a very large detector capacitance in the order of several 100 fF . This is larger
than typical equivalents of modern planar hybrid pixel sensors and induces an increase in noise
and a decrease in timing performance of the signal readout . Typically, this disadvantage is
compensated by increasing the power of the readout electronics, which in return requires better
cooling and consequently adds to the material budget. Furthermore, minimizing the pixel size
in this design is complicated since all in-pixel electronics are placed within the charge collection
electrode and require sufficient shielding. To achieve pixel pitches close to 50 pm x 50 pm, in-
pixel electronics would have to be reducecﬂ Efforts to develop a high—granularitywith
such pixel pitches and a large collection electrode are pursued by the RD50 collaboration [62].

Small-collection-electrode design

In this design approach, the charge collection electrode is small compared to the pixel size
which makes it unfeasible to place all in-pixel electronics within the electrode. Consequently,
the in-pixel electronics are separated and placed at the pixel edges. In contrast to the [MAPS]
design, the [CMO§|electronics are not placed directly next to the collection electrode to mitigate
coupling between the two due to larger bias voltages. As in the other design approach, the n-type

charge collection electrode is implanted into the high-resistivity p-type substrate. The latter is

12 Alternatively, the use of smaller technology feature sizes would allow to implement the same amount of
transistors in less space. However, smaller technologies are significantly more expensive, differ in radiation
tolerance (especially with respect to single event effects), and may not be open to customization (e.g. high-
resistivity wafer substrates).
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Figure 3.14: Cross-section of a depleted monolithic active pixel cell designed with a small collection
electrode. The front-end electronics are placed in the pixel edges and separated from the small n-well
collection electrode relative to the pixel size. Deep p-wells shield the electronics from the sensitive
material and prevent distortions of the electric field in the sensitive volume due to the n-well transistor
substrates. Typically, the external bias voltage is applied through the p-type substrate. From .

again used as contact for the external bias voltage. Figure [3.14]illustrates a generic pixel cell of
the small-collection-electrode design. Here, the additional deep p-wells at the pixel edges not
only shield the electronics but also permit the use of PMOS transistors without introducing
distortions of the electric field. However, this geometry limits the applicable bias voltage since
the deep p-wells for shielding must be at a similar potential as the substrate (typically within
1V) to prevent punch-through. If the applied voltage exceeds the permissible range of the
electronics, the transistors will be irreversibly destroyed. Due to the difference in boundary area,
the small collection electrode restricts the growth of the depletion zone to less than 50 pm 28]
compared to the large-collection-electrode design. Thus, the use of high-resistivity epitaxial

silicon with a maximum thickness of 25—30 pm grown on low-ohmic substrate is sufficient.

As no additional shielding between the small collection electrode and electronics is required,
this design approach benefits from a very small detector capacitance of only a few 1fF. Con-

sidering the dependency between generated voltage signal dV and detector capacitance Cp [7]

_4Q

v = o

(3.27)

for the generated charge d@, voltage amplification is well suited for this design and compensates
the small charge signal available due to the restricted depleted volume. In addition, the small
detector capacitance reduces noise facilitating very high signal-to-noise ratios and enhances the
timing performance of the detector. Contrary to the large-collection-electrode design, the long
drift distances towards the small collection electrode make the design prone to charge carrier
trapping. The challenging electric field shaping especially in the pixel corners due to the rela-

tively large distance to the collection electrode enhances this impairment. Studies have shown
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that this becomes particularly problematic after irradiation and supplementary modifications to
the pixel cell are required [63], which is discussed in more detail in Section Since the more
complex biasing conditions cannot always guarantee full depletion of the sensitive volume, a part
of the charge collection may also rely on diffusion. The aforementioned challenges are more se-
vere for larger pixel sizes due to increasing distances within a pixel cell. Thus, small pixel pitches
of, typically, less than 50 pm are advantageous making the small-collection-electrode design well

suited for high-granularity and timing applications.

3.4 Application of DMAPS in high-energy physics experiments

In the context of the high-luminosity [LHC| upgrade, the ATLAS experiment considered the
deployment of developments in the new tracking detector |64]. This energized the
ongoing advancements of verifying radiation hard monolithic pixel detectors with high-rate
capabilities. More specifically, DMAPS| were proposed as an option for the outermost layer of

the ATLAS [[nner Tracker (ITk)| barrel region. The environment of this layer requires radiation

tolerance up to 1.5 x 10'® ny, cm =2 jnon-ionizing energy loss (NIEL)| fluence and 100 Mrad

lionizing dose (TID)| as well as high-rate capabilities up to 2 MHz/mm?. Furthermore, the

detector must comply with the available power budget of 0.7 W /cm? while being equipped
with a readout architecture that is fast enough for the 40 MHz bunch-crossing frequency of
the ATLAS experiment [64-66]. As part of this progress, a dedicated CMOS collaboration
realized multiple DMAPS] prototypes based on several [CMOS] technologies and different design
concepts, including the Monopix development lines [64]. Although the different prototypes
produced promising results, it was decided against integrating [DMAPS] in the ATLAS [ITK| as
the developments were not yet mature enough.

However, [DMAPS] are already a well-suited technology to be used in high-precision lepton
collider experiments. Since leptons are elementary particles, the generation of wanted pro-
duction channels can be controlled much more accurately and is affected by fewer extremely
dense hadronic background events. Furthermore, lepton colliders produce less pileuﬂ per
event compared to hadron colliders such as the LHC| Both facts imply that the detector system
receives significantly less hit-rate and total radiation, which additionally simplifies the event
reconstruction and complexity substantially. This considerably eases the requirements for the
pixel detector on both radiation tolerance and time resolution. In return, the detector systems
of lepton experiments require an extremely high spatial resolution for vertex reconstruction.
Thus, the material budget of the corresponding tracker must be reduced to a minimum, such
that the track of a traversing particle is barely distorted by multiple scattering effects (see Sec-
tion [2.3]). This is especially important for low momenta particles. It favors the application of

thinner monolithic pixel detectors, while also imposing challenges on the power consumption

13Pileup describes the number of collisions within a single bunch-crossing as particles are accelerated in bunches
to increase the collision probability.
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ATLAS ITK" Belle 11 Mu3
Requirements ere e
Inner Outer VTX Phase I
Integrated
Juminosity in fb~" 2000 4000 50000 N/A
Material budget 0.67 0207 | 0.1
in %xo /layer
Time -resolutlon 95 925100 <920
in ns
Total ionizing
dose in Mrad 1000 100 100 N/A
NIEL fluence 1x10% | 2-5x 1015 | 5x 101 | <1 x 103
in neq cm
D -
over ;f;;jﬁg“on < 700 <200 | <350

Table 3.1: Requirements to the silicon tracking detector of multiple planned experiments and upgrades.
The Belle II experiment expects a run time of five years for the VI'X upgrade. Some information on the
Mu3e experiment could not be found and is marked with N/A. The data was collected from multiple
sources [6669] and this table was created to the author’s best knowledge at the time.

since complex cooling systems contribute to the overall material budget. A comparison between
different high-energy physics experiments and their requirements for the tracking detector is
given in Table Here, the hadronic dominated ATLAS environment [66] is compared to
two lepton collider experiments: the Belle II VIX upgrade [67] and the Mu3e experiment [69].
Most notable is the extremely high radiation tolerance required by the ATLAS [[TK environ-
ment while it is almost negligible in the case of Mu3e. Since ATLAS [[TK also demands good
timing and tracking resolution, compensation by a relaxed limit on the power consumption is
inevitable, which increases the material budget due to the necessary cooling. In contrast, the
lepton collider experiments pose much stricter requirements on the material budget and power
consumption. While hadron collider experiments must prioritize the radiation tolerance of the
tracking detector, lepton collider experiments focus on the vertexing performance by minimizing
the material budget. For now, the latter is the better suited application of [DMAPS]| As part
of the Belle IT VTX upgrade, a new named OBELIX [70] is being developed that is
based on the TJ-Monopix2, which is partly characterized in this thesis.

14The ATLAS requirements with respect to radiation hardness include a 1.5 safety factor.
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4 Radiation damage in semiconductors

This chapter contains an overview of radiation damage relevant for the application of semicon-
ductors as particle detectors. In this context, radiation damage can be categorized into the
deterioration of the passive sensitive detector volume or the active readout electronics. The
degradation of the passive silicon bulk and its properties for particle detection is discussed in
Section Further, Section describes the underlying effects and challenges faced when
active devices are operated under exposure to radiation. In addition, traversing (heavy)
particles can disrupt the electronic circuit operation or alter stored information. These phe-
nomena are referred to as single event effects [71]. However, such single event effects are not

relevant for this work and are only mentioned for the sake of completeness.

4.1 Bulk damage

Non-ionizing radiation leads to the displacement of atoms from the lattice structure and, con-
sequently, changes in electrical properties of the material. Furthermore, this radiation induced
alteration of the silicon bulk affects macroscopic sensor properties such as the bulk leakage

current or the effective doping concentration |71]. Thus, the sensing capabilities of silicon de-

teriorate with increasing radiation exposure. The amount of [non-ionizing energy loss (NIEL)|

depends on the impinging particles type and energy.

4.1.1 Displacement damage

Incoming high energy particles interact with the atoms in the silicon bulk which can cause the

displacement of a [primary knock-on atom (PKA)|from the crystal creating point-like defects in

the lattice structure. Such initial defects consist of a vacancy at the position of the [PKA] and
an atom in an interstitial position (typically referred to as an interstitial). Thus, this process
distorts the crystalline lattice structure which defines the name of displacement damage. The
created interstitials and vacancies become mobile within the silicon lattice for temperatures
above 150K [72] and can form more complex point-like defects upon combination with other
impuritiesﬂ in the silicon. An overview of common point-like defects such as vacancies and
interstitials of silicon or impurities are shown in Figure [{d] The combination of a silicon

interstitial with the corresponding vacancy is defined as Frenkel pair. However, a significant

ITypical impurities that are introduced to the silicon through its growing process are oxygen and carbon.
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fraction of point-like defects already recombine instantly after their production which prevents
them from contributing to long-term bulk damage [73]. Furthermore, the recovery of existing
bulk damage can be stimulated by increased temperature, which is efficiently exploited in so-
called annealing (see Section .

In silicon, a minimum recoil energy of approximately 25 eV is required to knock an atom out of
its lattice structure [74]. If thereceives sufficient energy from the initial collision, additional
interactions of the [PKA] with the lattice leading to further displacements are possible. The
localized loss of large energy amounts through several interactions (either from the impinging
particle or subsequently from the and the resulting multiple displacement defects are

referred to as a cluster. Given the non-relativistic relation of the maximum recoil energy

Moparticle * MSi
Mparticle T TnSi)2

ER max = 4Eparticlc( (4.1)
transferred through the collision of an incoming particle with mass mparticle to the M a
threshold energy of around 5keV for the production of clustered defects can be estimated.
In addition to the energy of the incoming particle, its type can also favor either point-like or
clustered defect&EI, although this preference is balanced by secondary interactions of the 136,
75]. Both, point-like and clustered defects, contribute to the total bulk damage in silicon and
result in macroscopic property changes |76].

4.1.2 NIEL hypothesis and hardness factor

Since bulk damage depends on the incoming particle’s type and energy, a method for stan-
dardizing and comparing displacement damage from different types of radiation is required.
The [NIET] hypothesis accomplishes this by making the assumption that the induced radiation
damage scales linearly with the amount of [NIETL] irrespective of the spatial displacement distri-
bution of relative to the energy of the particle [77]. However, the hypothesis is only
an approximation and the underlying physical processes have yet to be fully understood at a
microscopic level 75| [78]. To calculate the several variables need to be considered:

e The cross-section o,(F) of an interaction between an incoming particle with the energy

F and an atom in the silicon bulk

o The probability f,(F, Er) of generating a with a certain recoil energy through this

interaction

« Possible additional causing interactions of a [PKA] with a given recoil energy repre-
sented by the Lindhard partition function P(Ew) [79]

2Since charged particles scatter via electromagnetic interaction with the nuclei, which is partially screened by
their electron clouds, they are more likely to produce point-like defects. Neutrons instead are not affected by
the electromagnetic interaction and, thus, have a higher chance of producing clustered defects compared to
charged particles.
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Figure 4.1: Exemplary overview of point-like defects in the silicon lattice generated by displacement
damage. The combination of a silicon interstitial and a corresponding vacancy is referred to as Frenkel
pair. Furthermore, impurities can substitute a lattice atom or form additional interstitials. A more
complex point-like defect called Di-vacancy consists of two adjacent vacancies. Adapted from .

With these considerations, the total displacement damage cross-section
ER,max
D) =Y o) [ fE En)P(ER)E (12)
> 0

can be calculated by taking the sum over all potential interactions v between the incoming
particle and the silicon lattice leading to a displacement damage.

Finally, the hardness factor x is introduced to compare the induced damage across different
particle types and energy spectra. Within high-energy physics, [NIEL]damage is standardized to
the equivalent fluence of 1 MeV neutrons with a displacement damage cross-section of D(FE,, =
1MeV) = 95MeV mb. Hence, the hardness factor

_ [ D(E)O(E)AE _ By

95MeVmb-& @ (43)

is defined by the ratio between the irradiation fluences of a given particle and energy spectrum
and the 1MeV neutron equivalent. Here ® = [®(E)dE denotes the irradiation fluence of
an energy spectrum ®(FE). The 1MeV neutron equivalent fluence ®.q is measured in units
of neq cm ™2, It must be emphasized that point-like and clustered defects affect certain sensor
properties differently, which is not yet accurately accounted for within thehypothesis .

Since irradiation facilities rely on complex systems, the energy spectra and beam conditions
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Leakage current Doping Concentration Trapping
Ec
+
\ ~Soror \ /
Electrons
Ep ------- e
Holes

. Acceptor f—\

Figure 4.2: induced defect levels and their location within the silicon band gap. The affected
detector properties are featured above. Defect states close to the Fermi level facilitate the transition
from valence into conduction band and, thus, increase the leakage current. Deeper level defect states
(i.e. energy levels within the band gap but not as close to the Fermi level) act as charge traps, which can
distort the charge collection in case of sufficiently long trapping duration. Charged defect levels close
to the valence or conduction band effectively function as acceptors or donors respectively and alter the
effective doping concentration. Adapted from .

are custom properties requiring a separate hardness factor calibration per site . Ideally, the

calibration is repeated before each beam time to ensure accuracy of the irradiation.

4.1.3 Impact on detector properties

In general, radiation damage is uniformly distributed across the silicon bulk and generates
energy levels in the band gap referred to as defect states. These radiation induced defects
are categorized into three main types affecting different properties of the silicon sensor which
are summarized in Figure [I.2] Considerations regarding the impact of each defect type are
based on the Shockley-Read-Hall statistics discussed subsequently. Defect states close to the
middle of the band gap act as generation-recombination centers and effectively increase the
leakage current in the silicon bulk. The formation of charged defect states close to either the
valence or conduction band, which effectively act as acceptors or donors respectively, impacts the
effective doping concentration and space charge. Furthermore, charge carriers can get trapped
in defect states. If the trapping duration exceeds the detector electronic characteristics, the
charge appears to have been lost and the charge collection efficiency decreases. A qualitative
description of the underlying statistical process behind the defect properties is given by the
Shockley-Read-Hall statistics .

Shockley-Read-Hall statistics

The model comprises only single energy level defects and their interaction with the conduction

and valence band on a statistical basis. Based on the Fermi-Dirac statistics, the probability
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4.1 Bulk damage

that a quantum state of the energy E is occupied is given by [81]

1

HE) = e[ = o) kel

(4.4)

where Ey is the Fermi level, kg the Boltzmann constant, and 7" the temperature. Within the

model, only a total of four interactions with a defect state are taken into consideration [7]:

e The emission of a trapped electron into the conduction band. The corresponding
emission rate R™ = e, - N; - f(E;) depends on the defect state concentration Ny and the

probability of a trap at the energy E} to be occupied by an electron.

e The capture of an electron from the conduction band in a non-occupied defect state. In
addition to the defect state concentration and the corresponding occupation probability,
the capture rate RSP = ¢ -mn - Ny - (1 — f(E})) is affected by the number of free electrons

n.

e The emission of a trapped hole into the valence band, which is equivalent to the
capture of an electron from the valence band. Analog to the electron emission, the hole
emission rate is defined as Rg™ = e, - Ny - (1 — f(Ey)).

e The capture of a hole from the valence band in a non-occupied defect state, which is
equivalent to the emission of an electron into the valence band. Similarly, the number of
free holes p in the valence band and the defect state concentration and their occupation

probability by electrons determine the capture rate RS* = ¢, - p- Ny - f(EY)

The proportionality factors of the above equations are defined as emission €., and capture ¢,
coeflicients. The capture coefficients are given as the product of the thermal velocity of the

charge carrier v** and its capture cross section o®P:

ce =0 0P and ¢, = v;h co)P (4.5)
Additionally, the principle of detail balancing requires that capture and emission rates must be

equal within a thermal equilibrium state [81].

Leakage current

An increase in bulk leakage current is one of the main challenges imposed by bulk damage to
the detector. Radiation induced defect levels close to the middle of the band gap effectively
facilitate the current generation as the defect state enables a two-step transition from valence
to conduction band or vice versa requiring less thermal energy per transition. Utilizing the

Shockley-Read-Hall statistics, the occupancy of a defect can be approximated to |77]

Ce N G ~ (4.6)

ftice~n+ep+cp~p+ee €e + €p
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in the case of thermal equilibrium and a negligible amount of free charge carriers, such as given
in the depleted region of a detector. Based on these assumptions, the generation rate of an
individual trap type

€c€p

Gy = Nifree = Ny (4-7)

€e T €p

can be expressed simply by the trap density and the fraction of emission rates. Finally, the total

leakage current of a detector with volume V' is obtained by summing over all defect types [77]

I=ev Y Gi=eV Y NP (4.8)

€ €
defects defects et p

where e denotes the elementary charge.
Furthermore, the increase in leakage current scales according to the NIEL hypothesis for
hadron damage
Neak = Ied 4+ a®eV (4.9)

and increases linearly with the equivalent fluence. The introduced proportionality factor « is
defined as the current-related damage rate, which is largely independent of bulk material proper-
ties or particle type and energy of the irradiation [83]. However, the current-related damage rate
depends on the intrinsic charge carrier density n; and, therefore, on the measurement temper-
ature and annealing routine (see Section [36]. The increase in bulk leakage current leads
to a higher noise rate (shot noise) in the readout amplifier as well as higher power consump-
tion [72]. Since the leakage current scales exponentially with temperature, irradiated devices
hold an increased risk of experiencing a fatal thermal runaway due to continuously growing
temperature and leakage current. Hence, cooled operation of irradiated devices is a practical

solution or even essential.

Effective doping concentration

For non-irradiated silicon, the doping concentration is controlled by the density of impurities in
the lattice structure (see Section. However, radiation induced defect states act as electrically
active donor-like states when located in the upper half or acceptor-like states in the lower half
of the band gap [76]. Thus, they impact the effective doping concentration. In addition, the
removal of donor or acceptor atomsE| as a result of bulk damage changes the space charge during
irradiation |7]. When neglecting free charge carriersﬂ the effective space charge of an irradiated
device is given by the sum over all donors and acceptors as well as all donor-like and acceptor-like
defect states [77):

New= Y (I=f)Ne—= > filVi (4.10)

donors acceptors

3The initial impurity either interacts with a mobile defect or is knocked out of the lattice structure and captured
by another interstitial. In both cases, the impurity becomes electrically neutral and does not contribute to
the space charge anymore.

4Under reverse bias conditions, it can be assumed that all free charge carriers are swept away.

44



4.1 Bulk damage

Consequently, bulk damage alters the electric field distribution across a silicon device and, thus,
leads to a shift in the depletion voltage. Depending on the initial doping concentration, this
radiation induced change in space charge either enhances or counteracts the initial configuration.
In the case of n-type silicon, the removal of donors combined with the generation of acceptor-
like defect states can even lead to an effective type inversion for large enough fluences [84].
Moreover, the change in effective doping concentration depends on the irradiation particle type
and energy as well as bulk properties such as oxygen conteniﬂ Thus, it does not scale according
to the hypothesis [77].

In general, the change in effective space charge and doping concentration after irradiation to
high fluences of O(1 x 10'° Neg cm™?) requires larger bias voltagesﬂ to fully deplete the silicon
bulk. At very high fluences >5 x 10'° noq cm™2, reaching full depletion of a planar sensor is

typically no longer feasible [7].

Charge carrier trapping

The signal creation in the detector depends on the charge carrier propagation through the
depleted volume and its duration (see Section . Radiation induced defect levels can trap
charge carriers for a characteristic trapping time and, thus, decrease the effective charge carrier
mobility. If the trapping time is long compared to the typical readout time of the detector or the
trap density within the bulk is very high, charge carriers generated by ionizing radiation may
not be detected by the device. Thus, the overall signal will be reduced. This loss is generally

quantified as the charge collection efficiency [7]

OB ~ Qe (4.11)
ion
where Qqet describes the detected charge while Qjoy, is the actually generated charge.
The trapping time 7 of an individual charge carrier is given by its inverse capture rate
1 1
Te = and T, = (4.12)

©ce s Ni(1— f(EY)) cp - Ne - f(EY)

Therefore, the effective trapping probability [77} 85|

Loy (1+71p) = Y (meP 4 RS) (4.13)

T Te
eff defects ¢ defects

is defined as the sum of the inverse trapping time over all defect states and charge carrier types.
Furthermore, scaling applies to the effective trapping probability as it increases linearly
with the equivalent fluence [85]. Charge carrier trapping becomes increasingly relevant for large

5The capture of displaced boron atoms by oxygen interstitials and the subsequent formation of a boron-oxygen
interstitial complex is a typical acceptor removal process |7].
6For a 100 pm thick silicon bulk with a resistivity of O(1kQ cm), typical bias voltages of O(100 V) are required.
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fluences >1 x 10 neq cm™2 and, combined with the increase in leakage current and change in

effective doping concentration, eventually limits the use of silicon sensors 36}, [76].

4.1.4 Annealing of bulk defects

Since defect states are not locally bound in the silicon lattice, they can interact with other
defects and still alter the macroscopic detector properties over time. When migrating through
the lattice structure, an interstitial can recombine with a vacancy or vice versa (Frenkel pair
recombination). However, the defect can also fuse with further defects of the same or even
different types to form a more complex, multi-constituent defect state |72]. If sufficient lattice
vibrational energy is given, existing complex defects can even dissociate into their constituents
and migrate through the bulk. Because the defects’ mobility scales with temperature, this
so-called annealing process is thermally activated and can be utilized to recover a part of the
radiation induced displacement damage [76].

Overall, the impact of annealing to the detector properties comprises three contributions [7]:
The stable component describes bulk damage that does not change over time after the irra-
diation. The beneficial component, which represents the recovery of part of the displacement
damage, is dominant after relatively short annealing durations. Thus, it is often also referred to
as short-term annealing. The reverse annealing component describes the degradation of detec-
tor properties due to activation of previously non-influencing defect states. Reverse annealing
becomes dominant after long annealing times for instance several hours to days at 60°C [7]. In
addition to the intentional annealing after the irradiation, self-annealing of the device occurs
already during irradiation [72].

A very important recovery achieved by annealing an irradiated device is the reduction of
leakage current. Studies of the current related-damage rate for different annealing temperatures
are summarized in Figure[£.3]and emphasize the temperature dependence of this process. Within
the detector physics community, an annealing of 80 min at 60°C is regarded as the standard
procedure and yields a current-related damage rate of agg 60 = (3.9940.03) x 10717 A/em [83).
While further annealing will continue to reduce the current-related damage rate, it results in

reverse annealing as it worsens other properties such as the effective doping concentration.

4.2 Surface damage

In contrast to the silicon bulk, the surface and interface regions of [MOS]| devices are primarily
sensitive to ionizing radiation. Defects in the silicon oxide (SiO2) or the Si-SiOs interface region
are categorized as surface damage [36]. Due to its already irregular structure, displacement
damage has little effect on the silicon oxide |7]. When exposed to ionizing radiation, the intrinsic
defects in the oxide and the Si-SiOs interface region of alM_USltransistor interact with the created

charge carriers and become electrically relevant. Two primary effects arise from surface damage
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Figure 4.3: Studies of the current-related damage rate a for different annealing temperatures and ac-
cumulated annealing times. The common annealing procedures within the detector physics community
are either 80min at 60 °C or two weeks at room temperature (21 °C). The corresponding data points
are highlighted. Modified from .

in [MOS] devices: positive charge buildup leading to a shift in the threshold voltage as well as
an increase of the leakage current .
The amount of fionizing energy loss (IEL)|to which a device is exposed is typically quantified

by the [total ionizing dose (TID)| measured in units of 1rad = 0.01 Gy. Due to the large band

gap of 8.06 eV in thermally grown SiOs on silicon, an average energy of (17+1) eV is required for
electron-hole pair creation [88]. Based on this value, the average amount of electron-hole pairs
created per volume and can be calculated to 8.1 x 10'2 pairs/cm? /rad [86]. Charge carriers
generated this way can subsequently lead to radiation-induced defects in[MOS] transistors which

impair the functionality of the device.

4.2.1 Defect classification in silicon oxide

The exposure to radiation and [[EL] increases the electrical relevance of intrinsic defects and
leads to the formation of further defects in silicon oxide. These (radiation induced) defects are

categorized into five different types with distinctive characteristics. The naming convention of

these defect types in devices were fixed in 90]:

« Mobile ionic charges are generated primarily due to ionic impurities such as Na™ or

KT in the oxidation process . Measurements have shown that the generation density
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4 Radiation damage in semiconductors

of this defect is largest at the Si-SiOs interface for a device [91]. As the name
suggests, mobile ionic charges are freely moveable, and their mobility is enhanced by an
applied electric field or increased temperature. Thus, they can influence the electrical

characteristics of the device.

¢« Oxide trapped charges classify charge carriers that are trapped in the oxide bulk and
do not interact electrically with the underlying silicon [90]. Depending on the type of
trap and the type of the trapped charge carrier, the defect can contribute negatively or
positively to the total space chargeﬂ Apart from ionizing radiation, this defect type can

also result from avalanche injection or similar processes [89].

« Fixed oxide charges describe structural defects in the oxide close to the Si-SiO4 interface
(less than 2.5nm [89]). They result in deep hole traps which contribute positively to the
total space charge upon trapping holes and do not interact electrically with the underlying
silicon. The increased likelihood of intrinsic defects near the Si-SiOs interface explains the
resulting higher concentration of fixed oxide charges in this region compared to the SiO9
bulk.

o Interface trapped charges (or interface traps) are positive or negative charge states
right at the Si-SiOs interface [86]. Since they interact electrically with the underlying
silicon and have a continuous distribution of defect levels across the silicon band gap,
charging or discharging of the traps is possible depending on the surface charge. Additional
to radiation induced bond breaking processes, interface traps can originate from metal
impurities or structural, oxidation induced defects [89]. They contribute either in form of
traps as part of the oxide charge to the total space charge or in form of generation centers

to leakage current.

¢ Border traps depict defects located within the oxide at a distance of up to 3 nm from the
Si-SiO5 or gate-SiOs interface [90]. Like interface traps, these traps interact electrically
with the underlying silicon as they can exchange charge carriers with the silicon bulk via
tunnelling. However, border traps differ from interface traps in the depth of the tunnelling

process and their characteristic response time.

Figure [£.4] visualizes the different defect types and their location inside the extended inter-
face region. In addition, the band structure of the SiO2-Si interface and underlying physical
processes behind the defect formation are illustrated in the same figure. A more detailed de-

scription of the formation mechanisms of the listed defects caused by [[EL] are explained in the

following Section

"E.g. a hole trap contributes as positive space charge upon trapping a hole
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Figure 4.4: Visualization of IEL caused defects and their propagation in a MOS structure. The silicon
oxide is represented by the orange area (left) whereas the silicon is shown in blue (right). The lower part
of the figure illustrates the location of the different defect types inside the extended interface region.
In the upper part, the physical processes behind the formation of the defects is displayed based on the
energy band diagram of the SiO2-Si interface region. From [60].
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4.2.2 Formation mechanisms of radiation induced defects in MOS devices

The formation of surface damage depends on multiple steps including interaction of different
defect types with each other, which have direct impact on the threshold voltage of the [MOS]
device. The time-dependent change of the threshold voltage after a radiation pulse is shown in
Figure [£.5] and highlights the individual contributions. In the following, the respective processes

contributing to the formation are introduced.

Initial charge yield

Following the exposure to radiation and [[EI] electron-hole pairs are created in the SiOy medium
of a[MOS]| transistor. If an electric field is applied, the charge carriers start to separate. Due to
their high mobility in SiOs, electrons are swept away on a picosecond timescale |92, 93] making
them less relevant for the formation of surface damage. Yet, a fraction of the created charge
carriers recombine immediately before the electric field can separate them. The amount of initial
recombination depends on two factors: The strength of the applied electric field as well as the
type and energy of the impinging particle [86, 87]. While the impact of the former factor is
clear, the latter defines the spatial distance between individual electron-hole pairs created. This
distance is important since closer or even overlapping charge carrier pairs are more likely to take
part in the initial recombination. Promptly recombined charge carriers do not contribute to the
formation of defects. However, holes that did not take part in the initial recombination remain
near their point of creation and cause a (negative) threshold voltage shift of the transistor as
shown by (1) in Figure The initial charge yield describes the fraction of charge that escaped

the initial recombination [86} |87].

Hole propagation

The process of hole propagation in SiOs is best modelled by the Continuous-Time Random
Walk hopping transport formalism, which considers the time-dependent and stochastic nature
of the process 86} 94} 95]. As the holes interact strongly with the SiOs medium, they create
local lattice distortions in their immediate proximity that lead to self trapping of the holes.
The coupled state of a hole with its lattice distortion increases the effective mass of the hole
and deceases its mobility. This state is commonly referred to as a polaron in the context of
solid-state physics [86], 87]. When propagating through the medium, the holes carry their local
lattice distortion with them resulting in so-called polaron hopping.

The duration of hole propagation in SiO5 is dependent on many factors and can vary by
several orders of magnitude [86]. It is directly affected by temperature as temperatures above
140 K activated the propagation while it stays inactive for lower temperatures. Around room
temperature, the process lasts seconds or less [86]. Furthermore, the hole propagation time
depends on the oxide thickness of the transistor and is activated by applying an electric field [96].

Because of their slow propagation, excess holes in oxide bulk contribute to the positive space

50



4.2 Surface damage

charge, similar to the trapped holes which form oxide trapped charge. As the holes propagate,

they cause a shift of the threshold voltage on the given timescale, which is considered as a
recovery (see (2) in Figure [4.5).

Interaction of holes with Si-SiO; interface traps

The formation of deep hole traps originates from the incomplete oxidation in the Si-SiO inter-
face region. Vacancies of oxygen atoms in the standard SiO, lattice configuration lead to weak
bonds between silicon atoms, while each silicon atom is back-bonded to three oxygen atoms [86].
Upon trapping of a positive charge carrier (hole), the weak Si-Si bond breaks and the lattice
relaxes asymmetricallyﬂ [97). These oxide trapped charges in the interface regions posses a
(relatively) long-term stability as their annealing process is in the order of hours up to years.
Their dominant annealing mechanisms are either tunnelling at around room temperature [98] or
thermal excitation at sufficiently high temperatures [99] of electrons into the oxide to recombine
with the trapped hole. The longevity of oxide trapped charges at the Si-SiO4 interface generates
a persistent negative threshold voltage shift as indicated by (3) in Figure [86].

Radiation-induced interface traps at the Si-SiO, transition region

Exposure of [MOS] devices to radiation leads to the formation of interface traps in the Si-
SIO, transition region, the energy levels of which lie within the silicon band gap. Although
the formation mechanisms of these traps are not experimentally proven, several models have
been proposed to explain this process. While all models converge on the assumption that the
formation of interface traps is a secondary effect subsequent after radiation induced electron-hole

pair creation, they can primarily be put into three categories [71]:

1. Hydrogen based models: The bond of a trivalent silicon atom in the Si-SiO4 interface
region to hydrogen is broken by a radiation induced process resulting in a dangling bond

that acts as the interface trap.

2. Injection based models: An injected electron from the silicon or the oxide bulk recom-
bines with a trapped hole in the transition region in such a way, that structural changes

at the interface are caused, and an interface trap is created.

3. Stress based models: Stress at the Si-SiO5 interface leads to strained Si-O bonds which
are broken by radiation induced holes. The created oxygen defects mitigate towards the

interface region and form interface traps upon reaching it.

Interface traps are amphoteric defectsﬂ consisting of a trivalent silicon atom that is bound

to three other silicon atoms while the last bond extends into the oxide as an electrically active

80ne silicon atom relaxes into a planar lattice configuration while the other remains in a tetrahedral lattice
configuration.

9The interface state is negatively charged above, neutral close to, and positively charge below the Fermi-level
within the energy regime.

51



4 Radiation damage in semiconductors

(4) Long-term recovery with
mte%face trap buildup _l

(3) Trapped hole annealing /
long-term recovery

AV

<4— (2) Hole transport /
short-term recovery

+—(1) Initial hole yield / initial AVqy

1 [ 1 1 1 [ 1 >
10% 10% 102 10° 10% 10* 10° 108
Time after radiation pulse / s

Figure 4.5: Schematically illustrated recovery of the threshold voltage of an n-channel MOS-transistor
over time after an irradiation pulse. The initial threshold voltage shift arises from holes that escaped
the instant recombination (1). The propagation of the holes in the SiOs results in a recovery of the
threshold voltage shift within a very short time (2). Since holes are trapped in the process, a long-lasting
threshold voltage shift of comparatively small amplitude remains (3). The build up and occupation of
radiation-induced interface traps causes a further shift in threshold voltage, which can lead to additional
recovery or even overshoot (4). Adapted from [86].

defect [86l |100]. The accumulation of such traps depends on the applied electric field to the
transistor, where positive fields facilitate the build up while negative fields counteract it [71].
Since the occupancy of interface traps is regulated by the Fermi level as well as the applied
electric field, they cause a voltage-dependent shift of the transistor threshold voltage [86]. This
shift can lead to additional recovery or even overshoot of the threshold voltage as displayed by
(4) in Figure Furthermore, the density of created interface traps and trapped oxide charges

(holes) are approximately equal and both share the same annealing characteristics [100].

4.2.3 Effect on electrical parameters of a MOS transistor

Surface damage affects the electrical properties of [MOS] devices and, thus, impacts its perfor-
mance and lifetime. The effects on two of the most important properties, the threshold voltage
and leakage current, are introduced in the following for the relevant technologies of this work.

Threshold voltage shift

Radiation induced defects directly affect the threshold voltages and, thus, the stable operation
of transistors. The threshold voltage shift AVyy, of a transistor due to radiation damage
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can be separated into the sum of shifts originating from interface traps Vi, and oxide trapped
charges Vox [101]:
AVrne = Vine + Vox (4.14)

Trapped positive charges in the oxide form quickely during the irradiation and are already
relevant for of a few (hundred) krad. The accumulation of trapped positive charges cause
a threshold voltage shift proportional to the trapped charge density and their position relative
to the Si-SiO9 interfacﬂ [102]. Since oxide trapped charges are predominantly positive, they
cause a negative threshold voltage shift independent of the transistor type. Due to the biasing
difference in NMOS and PMOS transistors, this effect is more relevant for NMOS devices, as
the radiation induced holes are sucked towards the Si-SiO5 interface instead of the SiOs-gate
interface in the case of PMOS devices.

The formation of interface traps is a slower process with time compared to the formation of
oxide trapped charges [102} [103]. Depending on the transistor type and its respective biasing,
either negative or positive charges are caught in the interface traps. The trapping of negative
charges in the case of NMOS transistors counteracts the threshold voltage shift due to oxide
trapped charges resulting in a well-known rebound effect [102]. The exact at which the effect
of the interface traps becomes dominant depends among other things on the technology feature
size, the properties of the transistor (length and width), and the dose rate of the irradiation [102,
104]. Technology nodes of 100—200nm and dose rates of less than 1 Mrad/h relevant for this
thesis report a peak in the threshold voltage shift between 1—10Mrad[102} [105H107]. In the
case of PMOS transistors, positive charges are caught in the interface traps and add to the
threshold voltage shift caused by oxide trapped charges [102]. Therefore, the shape of the total
threshold voltage shift rises continuously instead of peaks with an increasing [TID] for PMOS
compared to NMOS transistors.

Leakage current

Similarly to the threshold voltage of a transistor, its leakage current is also affected by radiation
induced defects. The flow of additional leakage currents not only leads to a higher power
consumption, but can cause complete failure of the device. There are two different formation
mechanisms for a radiation induced increase in leakage current of a transistor.

The first type causes an increase in the gate leakage current observed at low electric fields

close to and below the threshold voltage for ultra-thin gate oxides [87]. This leakage current is

typically referred to as[radiation induced leakage current (RILC)|[108] and originates from trap

assisted, inelastic tunnelling of electrons [87, [109]. The formation of radiation induced neutral
electron traps in the oxide is necessary to allow electrons to first tunnel into these trap states
and eventually into the gate. Due to the required tunnelling of electrons, this process is directly
dependent on the oxide thickness [110]. The contribution of becomes negligible for gate

10The closer the trapped charge is to the interface, the large the effective threshold voltage shift.
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Figure 4.6: Schematic example of the positive charge accumulation within the field oxide of a transistor
that leads to the build up of an inversion channel and, thus, parasitic currents. Adapted from .

voltages well above the threshold voltage of the transistor.

The second type is the formation of parasitic currents in the field oxide with increasing
. Based on the same principles as previously discussed, positive charges accumulate
not only in the gate oxide of the transistor but also in the field oxide of isolation areas at
the transistor edges. Isolation regions need to be considered as parasitic transistors with a
significantly higher threshold voltage due to the large thickness of the field oxide. Radiation
induced positive charges accumulate in the field oxide and cause a large shift in the threshold
voltage of the parasitic transistor that eventually leads to an inversion channel and parasitic
current flow from source to drain . A schematic illustration of the charge accumulation
and its position within the transistor is given in Figure This contribution is dominant at
higher dose rates and larger [TID]and potentially becomes a failure mechanism of the transistor.
In agreement with the threshold voltage shift, the leakage current of NMOS transistors also
shows a peaking behavior with the total dose .
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The Monopix chips are a realization of DMAPS] designed and fabricated in commercial CMOS|
technologies for high-radiation and high-rate environments. There are two independent develop-
ment lines, LF-Monopix and TJ-Monopix, comprising two iterations of designs named Monopix1
and Monopix2 each. As described in Section they have been developed to comply with the
requirements posed by the outermost layer of the ATLAS pixel detector (see Table .
Despite having the same application in mind, the development lines differ fundamentally in
design approach and, thus, characteristic properties. The most recent versions, LF-Monopix2
and TJ-Monopix2, are large-scale monolithic demonstrators with fully integrated readout elec-
tronics within each pixel cell and a synchronous column-drain readout architecture, as described
in Section This chapter introduces both development lines in Section [5.1] and while a

focus is put on the latest iterations. In addition, the individual [data acquisition (DAQ)|systems

for readout of and communication with each chip are presented in Section [5.3}

5.1 The LF-Monopix chips

The LF-Monopix development line is fabricated in the 150 nm LFoundryE imaging pro-
cess and utilizes the large-collection-electrode design approach (see Section . As starting
point of these developments, two[DMAPS|prototypes, CCPD_ LF [112] and LF-CPIX [113], suc-
cessfully demonstrated radiation-hard sensor design with this technology and design approach.
However, both chips did not include highly complex digital logic or fast readout architecture.
In the first iteration of LF-Monopix, exactly these features were implemented in the form of
the column-drain readout, while the sensor design and analog electronics were mostly inher-
ited. All chips are manufactured on high-resistivity (> 2k cm) Czochralski substrate wafers.
LF-Monopix1 is a 1cm x 1cm chip with a pixel pitch of 50 pm x 250 pm. It was designed to
prove the functionality of a[DMAPS|equipped with the aforementioned features that also meets
the required radiation tolerances. At the time of submission in 2016, LF-Monopixl was (one
of) the first prototypes with the fast column-drain readout architecture. The chip
comprises a total of nine different pixel variants in four columns each to efficiently character-
ize the effect of specific changes to the in-pixel electronics. Studies have proven the radiation
hardness of LF-Monopix1, as hit-detection efficiencies of 98.9 % after 1 x 10 ne, cm =2
fluence were measured and full functionality throughout the irradiation up to 100 Mrad [TID] was

Thttp://www.1lfoundry.com/
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End-of-column circuit
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Bottom pads

Figure 5.1: Schematic illustration of the LF-Monopix2 layout. Wire-bonding pads for powering,
biasing, and communication are situated at the top and bottom of the chip. The periphery circuit
above the bottom pads comprises the digital logic, global registers, and analog buffers for monitoring
purposes. The sensitive area of the chip is divided into six different pixel variations for efficient testing
of individual changes to the in-pixel electronics.

confirmed [107] 114} [115]. These results fueled the design and submission of a second iteration

LF-Monopix2, in which the column length was increased while the pixel size was minimized.

5.1.1 LF-Monopix2

Submitted in 2020, LF-Monopix2 is the second iteration of the LF-Monopix development line
employing the large-collection-electrode concept. With a chip size of 2cm x 1cm, it is a large-
scale DMAPS]| with implemented fast column-drain readout architecture over a full column
lengt/ﬂ A careful redesign of the in-pixel layout allowed the implementation of the same
amount of electronics as its predecessor within smaller pixels of 50 pm x 150 pm [116]. The
decrease of the detector capacitance to around 250 fF from the resulting smaller collection elec-
trode improves the signal-to-noise ratio, timing performance, and power consumption of the
detector. Furthermore, cross-talk effects observed in the predecessor LF-Monopixl1, originat-
ing from digital signal switching, were mitigated in LF-Monopix2 through enhanced substrate

potential connections and better shielding of the sensing node against digital transients [117].

2In this context, the term full column length refers to the maximum reticle size available on a wafer of this
process.
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5.1 The LF-Monopix chips

Matrix 1-1 1-2 1-3 1-4
Columns 4 4 8 24 8
CSA version V1 V2 V3
Feedback |- e 5{F L5fF
capacitance
Dlscrlmlna'tor Bidirectional Unidirectional Bidirectional
tuning
Logic Falling Rising Falling

Table 5.1: Overview of the different pixel variants implemented in LF-Monopix2.

Figure [5.1] shows a schematic illustration of the LF-Monopix2 layout. The top and bottom of
the chip are covered with wire-bonding pads required to supply power and biasing voltages as
well as a digital data interface. However, the pads at the top are only necessary because the
chip is not wide enough to fit all pads at the bottonﬂ The chip periphery and end-of-column
logic are situated above the bottom pads and include global registers for the whole chip, sensing
amplifiers, digital logic and buffers, and analog buffers for signal monitoring. Similar to LF-
Monopix1, the LF-Monopix2 chips are successfully thinned to 100 pm and backside processed.
Studies on dedicated test structures initiated the adjustment of the guard-ring design E| com-
pared to the predecessor, which improved the breakdown voltage from around 200V to more
than 450V before irradiation [116]. In LF-Monopix2, the sensitive area of 1.7cm x 0.84 cm
comprises 340 x 56 pixels, which are split into six different pixel variants listed in Table A
detailed introduction to the implemented front-end electronics and their variations is given in

the following.

Analog front-end circuit and in-pixel logic

As introduced in Section the analog front-end circuit consists of an amplifier stage and
a discriminator stage. Due to the large charge signals and high detector capacitance, charge-
sensitive amplification is generally used for large-collection-electrode designs, which also applies
to LF-Monopix2. The collected charge is integrated over a feedback capacitance C¢. Two dif-
ferent feedback capacitance sizes are chosen across the pixel variants, as a lower AC feedback
results in a larger gain. The resistive feedback of the amplifier is realized by a current mirror
with a globally adjustable feedback current, that continuously discharges the feedback capac-
itance while also stabilizing the operation point of the amplifier. In total, three pre-amplifier
versions are implemented in LF-Monopix2. The largest part of the matrix is equipped with

version V1, which is the single-stage folded cascode NMOS amplifier design of its predecessor

3The LF-Monopix2 design prioritized the full column length over the width of the chip. In another, larger
iteration of the LF-Monopix, they could be moved to the bottom reducing the insensitive area.

4Sensor guard-rings are floating, concentric implants that surround the pixel matrix. They are used to smooth
the potential gradient between the high-voltage pixel matrix and low-voltage chip edges, and thus prevent
early breakdown [60].
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5 The Monopix chips

chip [118]. Version V2 introduces a telescopic cascoded structure that requires isolating the
resistive feedback from the high-impedance gain stage. While a similar telescopic cascoded
structure is used for version V3, the current into the input transistor is adjustable by two in-
dependent registers. Both adaptions facilitate control over the trade-off between the gain and
bandwidth of the pre-amplifier stage.

The subsequent discriminator stage is connected to the pre-amplifier output via a coupling
capacitor that decouples the working points of both, as the baseline of the discriminator is set
by a MOS transistor pedestal. A global register controls the biasing current of this pedestal
resulting in an adjustable baseline [118]. Two different versions of discriminators are imple-
mented within LF-Monopix2. Similar to the pre-amplifier, the majority of the matrix features
the proven design of the predecessor referred to as wunidirectional. It comprises a self-biased
differential amplifier [119] followed by a inverter providing high gain and fast operation.
The upgraded bidirectional discriminator optimized transistor dimensions and swapped the in-
put nodes of threshold and signal to achieve faster operation. However, the swapped inputs
require an additional inverter to obtain a positive output pulse. This implementation provides
a larger dynamic range of the discriminator tuning at the cost of larger noise.

In addition to the global discriminator threshold register, LF-Monopix2 features a four-bit
local threshold tuning register referred to as TDAC. The step size of the latter is adjustable

via another global register |[digital-to-analog converter (DAC)| Furthermore, the bidirectional

discriminator circuit introduces an improved implementation of the local tuning circuit that
covers a larger threshold range at the cost of a broader step size. Each pixel is equipped with
two memory cells of 6bit each that store the digitized data in form of time-of-arrival (leading
edge) and time-over-threshold (trailing edge). The corresponding gray-coded timing reference
distributed to the pixels runs at a frequency of 25 ns according to the[LHC}based design require-
ments. For one sub-matrix, the in-pixel readout logic clears the Token signal on the rising edge
of the Read signal instead of the falling edge (see Section . An injection circuit is imple-
mented for testing purposes, which induces a pulse proportional to the difference between two
externally provided voltages (Vi and Vi,,) at the input of the pre-amplifier. The implemented
injection capacitance was measured to be around 2.73 fF before irradiation matching the results

of the predecessor [116].

Readout logic and peripheral design

As mentioned before, LF-Monopix2 is equipped with the synchronous column-drain readout
architecture described in Section without trigger functionality. The chip contains only one
readout controller for the entire matrix and can be seen as one super column. In this concept,
readout priority proceeds from lower to higher column and higher to lower row within a single
column. The highest priority hit will generate a Token signal that triggers a global Freeze
signal across the whole matrix and a local Read signal sent only to the specific column. After

the hit is read out, the Token signal is cleared and the cycle repeats to read out additional hits,
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5.2 The TJ-Monopix chips

Column Leading edge Trailing edge Row
(6 bit) (6 bit) (6 bit) (9 bit)
Bits 26 ... 21 20 ... 15 14 ... 9 8§ ... 0

Table 5.2: Bit-wise structure of the LF-Monopix2 serialized hit data. The leading and trailing edge
information of the discriminator are gray-encoded.

if necessary. For each hit, a pixel sends out a total of 27-bit serialized data words that comprise
column and row information as well as the gray-encoded leading and trailing edge information
of the discriminator. The structure of the serialized data is shown in Table The readout of
each column can be enabled and disabled by a global register. Furthermore, the chip is equipped
with an analog monitoring circuit that can forward the analog hit signal output of each pixel
after the pre-amplifier stage.

In total, the chip comprises eleven global current [DAC|registers with 6 bit each in its periphery
that define the required biasing conditions. For debugging purposes, each register current is
mirrored to a single analog monitoring pad that allows for the measurement of a single register
output at a time. For registers with very small output currents, the mirroring gain is increased

making the analog monitoring only reliable for relative changes after irradiation.

5.2 The TJ-Monopix chips

The TJ-Monopix development line uses the 180 nm Tower Semiconductorﬂimaging tech-
nology. It comprises two iterations of chips designed in the small-collection-electrode design
approach. Motivated by the excellent results of the ALPIDE [MAPY] designed for the ALICE
ITS upgrade [53], the target of this development is the conversion of the technology into the
radiation-harder DMAPS| designs. The TJ-Monopix chips were developed in close collaboration
with the MALTA project managed by CERN [120] [121], which share the same sensor design
and analog front-end, but pursue different concepts of readout architecture. The Monopix and
MALTA sensor layout is based on an improved version of an early demonstrator called TJ-
Investigator [122]. As described in Section the long drift distances and complex electric
field configuration compromise the radiation hardness of the sensor design. In joint efforts with
the foundry, an additional low-dose n-type implant beneath the collection electrode was added
to increase the surface of the p-n junction and, consequently, the depleted region under re-
verse bias conditions [63]. A schematic illustration of this modification is shown in Figure
Simulations have shown not only the expected expansion of the depleted volume, but also a
significantly increased electric field at the pixel edges [123]. However, studies with the first it-
erations of TJ-Monopix and MALTA revealed a significant drop of hit-detection efficiency after

irradiation to 1 x 10'® noq cm =2 in the pixel corners [120, |124]. Further simulations have proven

Shttps://towersemi.com/,formerly known as TowerJazz
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Figure 5.2: Schematic illustration of the low-dose n-type implant modification to the small collection
electrode design. This modification increases the effective p-n junction and, consequently, enlarges the
depleted region across the pixel volume. From .

that this effect originates from a lateral electric field minimum in the pixel corners that results in
longer charge collection times [125]. Consequently, the probability of charge trapping increases
drastically after irradiation resulting in the observed decrease of charge collection. Based on

these observations, two methods for improving the performance after irradiation were identified:

For one, adjustments to the geometry of the process modifications allow for an enhancement
of the lateral electric field in the pixel edges. To achieve this, two possible implementations
were identified by simulations : introducing a gap in the low-dose n-type implant below
the deep p-wells at the pixel edges shapes the potential distribution, and therefore enhances
the lateral electric field towards the collection electrode in this region. This modification is
commonly referred to as n-gap (NGAP). The same can be achieved by adding another p-type
implant below the deep p-well, called extra-deep p-well (XDPW), at the same location instead
of the n-gap modification. Both process modifications are visualized in Figure [5.3]

The second method relies on increasing the generated signal charge. This is accomplished
by substituting the high-ohmic epitaxial layer and its low-ohmic substrate handling wafer with
a high-ohmic Czochralski wafer that provides a larger sensitive thickness. The resistivity of
both utilized silicon types is larger than 2k cm, while the thickness of a Czochralski wafer is
typically 725 pm but can be thinned below 100 pm. In the case of TJ-Monopix chips, Czochralski
wafers were thinned to 100 pm and 300 pm thickness. As a result, the depleted volume extends
beyond the accessible volume of a chip fabricated on an epitaxial wafer. However, due to the
limited bias voltage capabilities, a 100 pm thick Czochralski wafer cannot be fully depleted in
this design .

In the first iteration, TJ-Monopix1, both improvement methods were implemented and tested.
TJ-Monopix1 is a 1cm X 2cm chip with a pixel pitch of 36 pm x 40 pm. Submitted in 2017,
it was designed to demonstrate the functionality of a large-scale [DMAPS| with small collec-
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Figure 5.3: Schematic illustration of the (a) NGAP and (b) XDPW modifications to the small collec-

tion electrode design. Simulations and measurements have proven that both modifications enhance the
charge collection efficiency after irradiation. From .

tion electrode and sophisticated column-drain readout architecture for high-radiation environ-
ments . The chip comprises a total of four different in-pixel electronics variations to effi-
ciently characterize changes in the data bus and front-end input configuration. Beam tests of
TJ-Monopix1 with modified sensor geometry confirmed an improved hit-detection efficiency of
87.29 % for 30 um epitaxial sensors and 98.28 % for 300 pm Czochralski sensors after irradiation
to 1x10% neq cm™2 . Furthermore, full functionality after 100 Mrad of X-ray irradiation
was verified . To maximize the hit-detection efficiency after irradiation (also for epitaxial
wafers) with this technology and design approach, necessary adjustments were identified and
implemented in a second iteration called T'J-Monopix2 .
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Figure 5.4: Schematic illustration of the TJ-Monopix2 layout. Wire-bonding pads for powering,
biasing, and communication are situated at the top and both sides of the chip. The periphery circuits
above the bottom pads comprise the end-of-column logic, global registers, and digital logic. The sensitive
area of the chip is divided into four different pixel variations for efficient testing of individual changes
to the in-pixel electronics. A total of eight analog monitoring pixels are implemented in two groups of
four on each side of the chip.

5.2.1 TJ-Monopix2

Submitted in 2020, TJ-Monopix2 is a full-scale 2cm x 2cm [DMAPY] designed in the small-
collection-electrode concept. Featuring a full column lengthlﬂ7 the chip is equipped with the
same synchronous column-drain readout architecture (see Section as all Monopix chips. The
pixel size was reduced to 33.04 pm x 33.04 pm while more in-pixel electronics were implemented
compared to the predecessor. These changes address necessary key adjustments identified in
TJ-Monopix1 to enhance the performance after irradiation. A schematic illustration of the TJ-
Monopix?2 layout is shown in Figure Three sides of the chip are covered with wire-bonding
pads. The bottom pads include connections for data transmission and powering of the peripheral
circuits, while the in-pixel powering (analog and digital) and biasing voltages are supplied via
the left and right connections. In the case of TJ-Monopix2, the sensitive region covers a total
area of about 1.69 cm x 1.69 cm with 512 x 512 pixels and is divided into four pixel variations.
Wafers of this chip were submitted in both n-gap and extra-deep p-well sensor modifications
and manufactured on both 30um epitaxial and up to 300 pm Czochralski silicon substrates.
Consequently, TJ-Monopix2 has been fabricated in a total of four variants, corresponding to

the different combinations of pixel modification and silicon substrate.

Analog front-end circuit and in-pixel logic

The small pixel size of TJ-Monopix2 assists to minimize the detector capacitance to around
3fF |126], which creates large voltage signals (see Eq. (3.27)). Instead of a charge sensitive

6 Again, the term full column length refers to the maximum reticle size available for this process.
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5.2 The TJ-Monopix chips

Matrix | DC standard | DC cascoded | AC cascoded | AC standard
Columns 224 224 32 32
Source-drain Standard Cascoded Cascoded Standard
follower
Signal 1nput DC AC
coupling

Table 5.3: Overview of the different pixel variations implemented in TJ-Monopix2.

amplifier, a single-stage voltage amplifier is more suitable in the small-collection-electrode de-
sign to take advantage of this signal. The implemented voltage amplifier is a modified version
of the analog front-end designed for the ALPIDE chip, which is based on a source-drain fol-
lower approach [128] 129]. Enlarging the transistor size at the amplifier input facilitated an
improvement in gain by 50 % and a significant decrease of the noise performance compared to
its predecessor. In addition, the size of the coupling transistor and, thus, its capacitance was
increased by a factor of 7.5 to raise the gain by a factor of 2 and enhance the signal-to-noise
ratio [28, |65]. Among its pixel variations, TJ-Monopix2 features a cascoded version of the
source-drain follower to improve the pre-amplifier gain. Furthermore, both the standard and
the cascoded versions are implemented with a DC- and an AC-coupled signal input node to
the pre-amplifier. While the sensitive volume of the DC-coupled pixels is depleted by applying
a negative bias voltage to the substrate (PSUB) and shielding p-well (PWELL) contacts, the
AC-coupled pixels allow to apply a positive biasing voltage to the n-type collection electrode.
This raises the maximum applicable voltage before irradiation from around —6V in DC-coupled
case to 50V for the AC-coupled case. An overview of the different pixel variations is given in
Table For a more detailed description of the changes in the TJ-Monopix2 design and its
pixel variations, it is referred to [65].

TJ-Monopix?2 is designed in a 2 x 2 pixel core layout that shares as much functionality of the
analog and digital in-pixel electronics as possible between the respective pixels to save area. One
enhancement compared to the predecessor is the addition of a 3-bit local threshold tuning circuit
to reduce the threshold dispersion. In case all tuning bits are set to zero, the discriminator of
the respective pixel is disabled. Each pixel is equipped with two 7-bit memory cells to sample
the digitized hit information in form of leading edge and trailing edge. The corresponding
sampling rate, nominally set to 40 MHz, is derived from the command clock and distributed
across the matrix in gray code. Due to the long column length, TJ-Monopix2 features a delay
compensation that reduces the propagation delay of the timing reference clock along a column.
A test injection circuit is included in the chip that imitates charge deposition proportional to
a voltage difference controlled by two 8-bit registers VH and VL. The corresponding injection
capacitance, over which the voltage is applied, is designed to be 230 aF to not increase the total
detector capacitance [126]. Furthermore, the sophisticated injection circuit of TJ-Monopix2 can

induce signals in eight phases relative to the timing reference clock. This is equivalent to 3.125 ns
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Column Leading edge Trailing edge Row
(8 bit) (7bit) (7 bit) (10bit)
Bits 31 ... 24 23 ... 17 16 ... 10 9 ... 0

Table 5.4: Bit-wise structure of the TJ-Monopix2 digitized hit data. Due to the double-column
structure, the 256 double columns comprise 1024 pixels each. The leading and trailing edge information
of the discriminator are gray-encoded.

steps in the case of the nominal 40 MHz clock. For detailed debugging purposes, TJ-Monopix2
provides eight analog monitoring pixels, which are not included in the digital readout and sit in
groups of four at the top left and right of the pixel matrix (see Figure[5.4). These pixels provide
the analog output signal of all individual front-end variations as well as the initial voltage signal

across the sensor for both types of coupling.

Readout logic and digital periphery

TJ-Monopix2 features an existing pseudo-LVDS driver [130] combined with a sophisticated

command decoder that minimizes the necessary [low voltage differential signaling (LVDS)| sig-

nals for data and command transmission. The command decoder is operated at a nominal
command clock frequency of 160 MHz and the respective command decoder is copied from the
RD53B readout [131]. This facilitates the use of signals for command, clock, and
data transmission to simplify the hardware. Nevertheless, the chip is equipped with an
additional single-ended [CMOS] output for HitOr signals.

The chip comprises a total of twelve global registers (for voltages and currents) with 8bit
each to control the biasing conditions of the front-end and two injection-related registers that
define the amplitude of a test injection pulse. Dedicated wire-bonding pads enable monitoring
and even overwriting of the output currents or voltages of these global and injection-related
registers. Like all Monopix chips, TJ-Monopix2 is equipped with the synchronous column-
drain readout architecture (see Section . In the case of the T'J-Monopix development line,
the pixel matrix is designed in a double-column structure implementing one readout controller
per 1024 pixels (e.g. two full columns) in the end-of-column logic. Consequently, data words
comprising the pixel address as well as the gray-encoded 7-bit time-of-arrival and trailing edge
information require a total length of 32bit as summarized in Table The corresponding
timing reference clock is derived within the chip and can be enabled and disabled on a double-
column basis. For data transmission to the [DAQ] TJ-Monopix2 uses a DC-balanced 8b10b
transmission protocol [132]. Tt is referred to |28] for a more detailed description of the digital

design of T'J-Monopix2.
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5.3 Data acquisition systems

In general, [DAQ)] systems can be divided into three main constituents: hardware, firmware, and
software. Modern [DAQ)] systems try to be as modular as possible to avoid redundant work

across multiple projects. For tests on a single chip basis, a chip is glued to an individualized

[printed circuit board (PCB)|and wire-bonded to establish connection. If the device is equipped
with sophisticated readout electronics, an FPGA-based board is typically used for data

transmission and communication. The firmware of the FPGA must be customized for the chip

and its communication protocol, while the software contains the comprehensive control over the
communication. The [DAQ]systems of both Monopix2 chips are structured in the same way and

the constituents relevant for this thesis are introduced in the following.

Hardware

To test a chip, the bare silicon is glued onto a customized [PCB| and wire-bonded to establish
the required connections for powering and communication. The [PCB|area below the chip is cut
out and the chips are only glued to the [PCB|at their edges, since supplementary material can
degrade the resolution of certain measurements (i.e. for beam tests). In general, the chip m
is equipped with low voltage power connectors and multiple pin headers to set and monitor
supplied voltages to the on-chip electronics. Different LEMO connectors provide inputs for the
supply of the external biasing voltages and outputs for the analog monitoring signals. For chips
that are not yet in the final version, the possibility of externally monitoring or even overwriting
applied voltages by [DAC] registers can contribute significantly to the characterization of the
device. The chip [PCB]is connected to a board that houses a commercial FPGA module,
which handles the communication and data transmission between chip and computer.
Typically, a low voltage power connector supplies the voltage to power the FPGA and an
Ethernet connection is used for data transmission between board and computer. Multiple
LEMO connectors and an additional RJ45 port on the board facilitate the transmission of
signals directly to the FPGA, which is particularly relevant for external trigger information (see
Section .

Figure [5.5] shows the hardware of LF-Monopix2. The chip [PCB|is connected to the
custom-made multi-IO board named MIO3 via the general purpose analog card called GPAC,
which routes the data to the FPGA accordingly. Since LF-Monopix2 transmits single-ended
[CMOS] signals, short connections are relevant to avoid signal distortions. The MIO3 board
houses the commercial Mercury KX1E| FPGA daughter board. The GPAC provides a multi-pin
connection with active and passive components between the FPGA mother board and the chip
[PCB] that requires a separate 5V low-voltage power supply. Due to these features, the adapter
card can be used for communication and data transmission between chip and system as

well as the supply of required voltages.

“https://www.enclustra.com/en/products/fpga-modules/mercury-kx1/
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Figure 5.5: LF-Monopix2 data acquisition hardware consisting of MIO3 base board, FPGA daughter
board, GPAC adapter, and the LF-Monopix2 chip PCB. The most important connectors and compo-
nents of each constituent are highlighted.
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Figure 5.6: TJ-Monopix2 data acquisition hardware consisting of BDAQ53 base board, FPGA daugh-
ter board, and the T J-Monopix2 chip PCB. The most important connectors and components of both
constituents are highlighted.
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The hardware of TJ-Monopix2 is shown in Figure [5.6] and offers a much simpler design
based around the available communication. In this case, the BDAQ53 hardware [133]
developed in Bonn for RD53 testing as part of the ATLAS Inner Tracker upgrade is taken
as base board, which houses a commercial Mercury+ KX2 FPGAF] Since TJ-Monopix2
transmits [LVDS] signals instead of single-ended ones, the customized chip [PCB|is connected to
the BDAQ53 board via DisplayPort cables. As no power is supplied via DisplayPort in this

case, the chip [PCB]requires a separate low-voltage power connection for the required 1.8 V.

Firmware and software

For both Monopix projects, the python-based control software for chip communication and data
taking is structured around basil [134]. basil provides common firmware modules shared
between projects and the corresponding software interface. This includes modules for data

transmission between chip, FPGA, and [DAQ] computer, as well as measurement specific sup-

plementary modules. Two examples of the latter are a trigger logic unit (TLU)| module, which
is required to receive trigger signals for beam test measurements (see Section , or a
[digital converter (TDC)|module for timing measurements. For identification, a specific header is

assigned to the data of each module before it is stored in respective FIFO registers. The FPGA
merges all received data (including hit information from the chip and data from supplementary
modules) into a continuous data stream and stores it in another FIFO register that is read by
the [DAQ] computer.

The core of the object-oriented software is the ScanBase, which is accessed for every scan rou-
tine to trigger the initialization of all necessary instances specific to the scan. Such instances are
additional classes comprising software for controlling hardware components or for interpreting
and analyzing raw data sent by the chip. The schematic structure of the DAQ)] software is illus-
trated in Figure In a typical scan routine, the ScanBase first initializes the hardware
class, that configures the board for the scan. Subsequently, the chip class is initialized. It
contains the respective commands to control the chip and initiates communication. The actual
measurement procedure is programmed in an individual scan script, which inherits instantiated
objects from the ScanBase. Each scan routine is written as a scan class, which contains the
scan-specific configuration and commands for both board and chip. Exemplary common
scans for both Monopix2 chips are listed in Table 5.5} For each scan, the data is stored in hdf5
file formatﬂ Finally, the supplementary classes for data analysis and plotting are accessed to
interpret the raw data sent by the chip and graphically display the results. The software
for both LF-Monopix2 and TJ-Monopix2 is both publicly available on GitHub [135] 136].

8https://www.enclustra.com/en/products/fpga-modules/mercury-kx2/
9mttps://www.hdfgroup.org/solutions/hdf5/
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Figure 5.7: Schematic illustration of the modular data acquisition software based around the ScanBase
class. Supplementary classes for different tasks are initialized and called by the ScanBase.

Scan Description

For an adjustable charge scan range, N hits per charge step ) are injected
into a pixel. The distribution of detected hits per charge step follows the error
Threshold | function. The threshold Qip, of a pixel is defined as the charge where 50 % of
scan the injected hits are detected. The width o of the pixel response distribution is
interpreted as the noise performance of the pixel and referred to as|equivalent|
jnoise charge (ENC)|
The target threshold charge is injected IV times and the pixel response is mea-
Injection | sured. If the pixel detects more than half of the injected hits, the (global or

based local) tuning register is adjusted such that the threshold increases and vice
tuning versa. To decrease the scan duration, the registers are adapted according to
the binary search principle.
b;slsg The pixel readout is activated, and its threshold is lowered using the (global or
. local) tuning register until the pixel detects a target noise rate.

tuning

Source Activate the pixel readout and detect incident particles from radioactive
scan sources. This measurement also supports handling of external trigger data

by the [TLU| module for beam tests (see Section [6.2).

Table 5.5: Description of common scan routines between the Monopix2 chips.
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6 Measurement methodologies

The characterization and testing of new pixel detectors for tracking applications is a complex
process with many milestones. Upon receiving chips from the manufacturer, electrical tests
of non-irradiated devices are conducted to verify their functionality. This includes the char-
acterization of important parameters such as the threshold, [ENC| I-V characteristics, power
consumption, and many more relevant detector properties. Ultimately, the most important cri-
teria for any tracking device are the spatial resolution and hit-detection efficiency within a given
time interval. Once the functionality of non-irradiated chips is verified, the radiation tolerance is
investigated based on the same parameters. For this purpose, samples are deliberately exposed
to radiation at dedicated irradiation facilities. Radiation hardness is often tested separately
for bulk damage to the sensitive volume (see Section and surface damage to the active
electronics (see Section . The reason for this is that the device needs to be powered during
the irradiation to receive surface damage, which cannot be provided at every facility. The main
focus of this thesis is the characterization of the performance of two separate [DMAPS] after
irradiation. This chapter presents the employed measurement methods relevant for this thesis.
In Section the available X-ray irradiation setup is introduced and the measurement routine
during an X-ray irradiation campaign is described. Section [6.2] depicts the complex procedure
of test beam measurements and the subsequent elaborate data analysis. A necessary discourse

on the error estimation of the test beam analysis is also addressed.

6.1 X-ray irradiation campaigns

To characterize the radiation hardness of an [ASIC] the [device under test (DUT)|is exposed to
X-rays (see Section [£.2). Due to the extreme demands on radiation tolerance in high-energy

physics experiments, dedicated radiation sources with large dose rates are required to perform
the measurement within a reasonable duration. Since surface damage in transistors forms
exclusively under biased conditions, it is important to power the circuitry during the entire
irradiation to ensure that the device receives radiation damage. The irradiation setup employed

in the scope of this thesis is described in the following.
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Figure 6.1: (a) Schematic illustration and (b) picture of the X-ray irradiation setup.

6.1.1 Irradiation setup

The available irradiation setup is based around a commercial X-ray irradiation cabinet. It is
equipped with an X-ray tube that accelerates an electron beam onto a tungsten target and
generates a photon beam. The cabinet supports acceleration voltages up to 60kV at variable
tube currents up to a maximum power output of 3kW. The resulting X-ray beam is filtered
and collimated. The opening angle of the beam is measured to be 0.144rad behind the col-
limator . A schematic illustration and a picture of the setup are shown in Figure
In addition, the setup contains a cooling box for mounting and cooling the [DUT] during the
irradiation. The latter is important to prevent thermal runaway caused by the leakage current
increase due to the high intensity beam. The water based cooling system comprises a chiller,
tubing, and cooling plate on which the [DUT] is mounted. For all irradiation campaigns per-
formed in the scope of this thesis, the corresponding device is cooled to 0 °C at all times. Dry air
is supplied to the inside of the cooling box to avoid condensation. To minimize the attenuation
of the X-ray beam, the cooling box has a cut-out at the location of the device, which is only
covered by Kapton tape. Lead shielding can be installed in the remaining area such that other
active electronic devices in the cabinet do not receive radiation damage. The entire cooling box
is placed on a manual stage to adjust the distance to the collimator exit before an irradiation.
This is important to ensure a complete and uniform illumination of the [DUT]

Before each irradiation campaign, the setup requires a calibration to precisely know the beam
profile, spectrum, and dose rate at the chosen machine settings. The analysis and calibration
of the X-ray spectrum were done in and are used to calculate the respective dose rate. As
calibration procedure of beam profile and dose rate, the leakage current of a commercial PIN
diode is measured while scanning the x-y plane within the X-ray cabinet at a chosen height.
Due to the opening angle of the photon beam behind the collimator and the attenuation of
its intensity with distance (see Eq. (2.10)), the maximum dose rate depends on the variable
height at which the diode (and later the is installed. Figure shows an exemplary
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Figure 6.2: Calibration of the X-ray irradiation setup using a commercial PIN diode. The DUT is
placed such that it receives a homogeneous dose rate across the larges possible area. The on-chip
electronics are positioned in the region of the highest dose rate. The placement of each Monopix2 chips
is indicated in the figure, respectively.

beam profile of the X-ray tube. Permanent lasers installed in the cabinet help to align the DUT]
to the measured beam profile. Since the Monopix2 chips are large-scale DMAPS] the given
beam profile requires a trade-off between a reasonably high and homogeneous dose rate across
the entire area of the chip. Each chip is positioned such that the largest possible section of it
receives a homogeneous dose rate (see Figure . For all irradiation campaigns, the on-chip
periphery electronics are placed in the region with at least 90 % of the maximum dose rate.
Consequently, the mean dose rate of the irradiation across the device is assumed to be 90 %
of the calibrated peak dose rate. Accordingly, a rather large error of 10 % is estimated on the
received [TID] of the chip.

6.1.2 Irradiation campaign measurements

X-ray irradiation campaigns comprise multiple irradiation steps to characterize the functionality
of the DUT] in between each step. The specific measurement routine depends on the tested
device and its application. The irradiation to a total dose of 100 Mrad alone takes close to a

week at rates around 0.6 Mrad/h typical for the available setup. A waiting period of 30 minutes
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after each irradiation step is added to allow for short-term annealing of surface damage (see
Section [4.2.2)). Thus, the measurement routine must be well-prepared and optimized not to
unnecessarily prolong the duration of the irradiation campaign.

In the case of complex devices like the Monopix2 chips, it is virtually impossible to measure
direct changes in behavior with increasing [TID] at the level of individual transistor. Conse-
quently, primary focus is put on the general functionality of the device. This is qualitatively
accomplished by measuring the change in threshold and noise and evaluating the possibility of
compensating the effects by adjusting certain chip parameters. The latter is only done exten-
sively after the entire irradiation campaign, since optimizing the performance of an irradiated
chip is a lengthy process and time slots of the X-ray irradiation setup are limited. Another
important measurement is the monitoring of power consumption of the [DUT] versus [TID|due to
the alteration of threshold voltage and leakage current within the transistors (see Section |4.2.3)).
The corresponding results indicate which power domain, and thus which transistors are affected
by surface damage. Furthermore, the analog monitoring options of the Monopix2 chips (see
Chapter [5]) are utilized to measure the signal shape of representative pixels throughout the

irradiation. This provides information about deviations in the response of the amplifier circuit.

6.2 Test beam measurements

The hit-detection efficiency describes the probability of a detector to detect an impinging par-
ticle. Tt is the most important property of a silicon pixel detector as silicon trackers should
ideally register all traversing particles. To study this performance parameter, a beam of [MIP}
referred to as test beam is directed at a beam telescope setup comprising the [DUT]that is to be
characterized. The beam telescope functions as a reference detector system, which is used to
reconstruct a traversing particle’s trajectory and compare it to the measurement of the [DUT]
The structure of a beam telescope setup is described in detail in the following section. The par-
ticle energy is an important beam property in these measurements since larger beam energies
reduce multiple scattering (see Section, which improves the spatial resolution and facilitates
a precise reconstruction of the particle trajectory. In addition, multiple scattering is reduced
by introducing as little supplementary material as possible into the beam in form of the mea-
surement setup. Since the generation of such a test beam is cost-intensive and far from trivial,
dedicated test beam facilities provide sites to perform beam measurements. Consequently, time
slots at these facilities are highly requested and need to be booked well in advance.

Within this thesis, measurements are performed at the DESYE| IT [138] and ELSAE| [139] test
beam facilities in Hamburg and Bonn, respectively. While both facilities use electrons, DESY II
implemented a tertiary beam generation allowing for variable energies between 1 and 6 GeV

and particle rates of a few kHz. The ELSA facility is equipped with a primary beam extraction

IDeutsches Elektronen-Synchrotron
2Elektronen-Strechter-Anlage
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Figure 6.3: Schematic illustration of a beam telescope setup. The beam telescope itself comprises six
planes of a well-characterized pixel detector with high spatial resolution. The DUT is placed in the
middle of the beam telescope to facilitate a precise track reconstruction at the location of the device. A
scintillator in front of the beam telescope detects impinging particles and sends a signal to the trigger
logic unit, which in return forwards a trigger signal to all devices. The fast time reference plane (relative
to the telescope) eliminates ambiguities due to track multiplicities in the later track reconstruction.

providing beam energies up to 3.2 GeV at adjustable particle rates across a wide range of a
few kHz up to several hundred MHz. Typically, particle rates of a few kHz are preferred in test
beam measurements from the user’s side to prevent saturation of the[DAQ]systems for the entire
setup. Furthermore, higher rates will result in a larger track multiplicity, which compromises

the data quality.

6.2.1 Beam telescope setup

Measuring the hit-detection efficiency of a [DUT] relies on the detection of traversing particles
and reconstruction of their trajectories referred to as tracks using a beam telescope. The
beam telescope consists of multiple planes of a well-characterized detector with high spatial
resolution providing precise tracking information. A schematic illustration of a common beam
telescope setup is shown in Figure In this thesis, EUDET-type beam telescopes |[140] are
used for particle tracking and operated with the python-based readout framework pymosﬂ
Such a telescope comprises six planes of 50 pm thick MIMOSA26 with a pixel pitch of
18.4 pm x 18.4 pm. Studies have shown that the intrinsic resolution of 3.2 pm per MIMOSA26 plane
facilitates a precise pointing resolution of less than 2pum on the . The continuous
rolling-shutter readout implemented in the detector limits its readout frequency to frames of
115.2 s, which is significantly slower than most [DUTk. At high particle rates, this leads to a
high track multiplicity within a single frame and, thus, ambiguities in event reconstruction of

the EUDET-type telescope. These ambiguities are resolved by adding a time reference plane

3https://github.com/SiLab-Bonn/pymosa
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with a more precise time resolution to the back of the telescope. In this case, single-chip modules
of either the FE-I4 [143] or the ITKPixv1.1 [144] chips are used as a time-reference plane. Both
provide a time stamping resolution of 25ns. The [DUT]is positioned in the middle of the six
telescope planes to optimize the pointing resolution at the device. To minimize the material
budget, the is equipped with a cut-out below the sensitive area (see Section .
A portable cooling system specifically designed for test-beam measurements to cool irradiated
[DUTE is described in the upcoming section.

A scintillator is mounted in front of the telescope and sends a signal to the EUDET
[logic unit (TLU)| [145] once a particle traverses it. The converts this signal into a digitized

pulse and distributes this trigger pulse to all connected devices. The trigger data contains a

trigger number to synchronize all devices to a common event basis and timeline. For triggerless
devices such as the Monopix2 chips, an additional timestamp is assigned to each trigger word
by the FPGA before it is inserted into the continuous data stream (see Section [5.3)) to facilitate
subsequent event building. Consequently, the [TLU|forms the centerpiece of the beam telescope

setup and test-beam measurements.

Portable cooling system

As described in Chapter[d] irradiated devices require cooling during operation to prevent thermal
runaway and, consequently, permanent damage. Since beam tests are performed at dedicated
test-beam facilities, the cooling setup needs to be portable. In this case, the cooling system is
based on a controllable nitrogen flow cooled by dry ice, which is directly blown onto the backside
of the [146]. A schematic overview of the entire system is given in Figure The cooling
box houses the [DUT] and is equipped with pass-throughs for powering, communication, and
nitrogen. By using polystyrene foam, the walls of the box add as little material as possible to
minimize the scattering of beam particles and, thus, the uncertainty on track reconstruction.
The temperature and humidity inside the cooling box is monitored by an SHT sensorﬁ and
recorded by an Arduino. In addition, this data is used to control the nitrogen flow using
an electrical valve that is connected to the [DAQ] computer. The setup ensures a constant
environmental temperature inside the cooling box with variations of less than 1°C over multiple
hours of runtime. This is important as it reduces fluctuations in the response of the device due
to (significant) changes in chip temperature. The control software of the system is publicly
availableﬂ A supply of warm nitrogen controlled by a manual valve prevents condensation
during cooling or heating periods inside the cooling box. The tested operational range of this
cooling system is between —25°C and 15°C. Figure [6.5] displays the cooling box installed in a
beam telescope setup at the DESY II test-beam facility.

4https://sensirion.com/de/search/products?q=SEK-SHTxx
Shttps://github.com/SiLab-Bonn/n2_cooling
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Figure 6.4: Schematic illustration of the portable cooling system. The nitrogen flow is controlled via
an electrical valve and cooled using a dry ice reservoir before being fed into the cooling box. Made of
polystyrene foam, the cooling box houses the [DUT] and is equipped with pass-throughs for cables and
tubes. Monitoring of temperature and humidity inside the cooling box is done by an SHT sensor.

A T .
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Figure 6.5: Picture of the beam telescope setup including a DUT inside a cooling box. The particle
beam orientation is from right to left. Time reference plane and scintillator are barely visible in this
picture.
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6.2.2 Test beam analysis and hit-detection efficiency

Analyzing the complex test beam data requires many analysis steps from combining the raw hit
data of each device to finally calculating the hit-detection efficiency of the[DUT] Multiple sophis-

ticated software frameworks exist for this purpose, which share a common analysis procedure.

Within this thesis, the python-based analysis framework Beam Telescope Analysis [147] is

used.

Selected measurement results are verified by employing the popular Corryvreckan soft-

ware [148]. The common key steps of such an analysis are briefly discussed in the following [42,

149):

76

Event building and data formatting

An event is defined as each incident when a particle generates a scintillator signal which
results in a [TLU] trigger signal. In the first step, possible events of a single particle
traversing the beam telescope setup need to be identified. The [TLU] trigger signal is used
to assign hit data of each device to a corresponding event. In the case of triggered devices,
the assignment of hits to an event is straightforward as hit data is only read out upon
arrival of a trigger. For triggerless devices, a cut on the timestamp difference between hit
words and trigger words in the continuous data stream is used to assign hits to an event.
Due to misassignment, both overestimation and underestimation of detected events are
possible. Subsequently, the event-based data of each device is formatted into a common
data structure (containing information such as event number, timestamp, column, row,

charge, ...) before being passed to the analysis framework.

Noisy pixel removal and clustering

Noisy pixels are identified and removed from further analysis steps since they can arti-
ficially alter and improve the hit-detection efficiency. The identification is achieved by
comparing the occupancy of each pixel to its neighbors. Furthermore, charge sharing can
lead to multiple pixels detecting the traversing particle. In such cases, these hits corre-
sponding to a single event are group into a cluster based on the center-of-gravity approach,
if they are within a reasonable distance to each other. This enhances the hit position in-
formation of the device. The considered cluster distance of the procedure depends on the
pixel pitch of the device and can be chosen variably (typically up to 5 times the pixel
pitch). If charge information (time-over-threshold) is available, the clustering algorithm
applies charge weighting. This step is performed separately for each detector in the beam

telescope setup as preparation for the subsequent analysis.

Alignment

The track reconstruction and efficiency analysis require a global coordinate system for the
entire measurement setup. Since the mechanical installation of the setup is not accurate on
a micrometer level, it must be assumed that the detector planes are inadvertently displaced
and rotated against each other. The alignment step consists of multiple iterations in which

the translation and rotation between the different planes are identified and corrected. To
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Figure 6.6: (a) Exemplary correlation between the neighboring telescope planes 1 and 2, and (b) un-
biased residual distribution of a MIMOSA26 sensor, both in x direction. The deviations of the residual
data towards the tails of the Gaussian distribution are due to multiple scattering effects. Both plots
are created by the Beam Telescope Analysis framework.

achieve this, the cluster positions of each plane within an event are compared to a pre-
selected reference plane, which defines the origin of the global coordinate system. If the
event building is done correctly, the detected cluster positions within an event will show a
strong correlation between all planes. The exemplary correlation between two neighboring
MIMOSA26 telescope planes is shown in Figure[6.6al The alignment process continues until
no further adjustments to the plane positions are made within a single iteration, and all
iterations are complete. It relies on the track finding, track fitting, and data selection
steps introduced in the following. For each iteration, cuts on the track quality and data

selection are subsequently tightened to ensure the best possible alignment.

Track finding and fitting

The track finding algorithm assigns clusters of the different detector planes within a single
event to a track candidate. This association is based on the shortest distance between
the clusters of two neighboring planes assuming perpendicular tracks. In the next step,
the found track candidates are reconstructed based on a x2-minimization fitting method.
It is important that the [DUT]is excluded from the track reconstruction since this would
bias the final results. Typically, multiple scattering effects are negligible and a general
broken-line fit model is sufficient for the track reconstruction. In case the setup introduces
considerable material, fit models like the Kalman Filter also take multiple scattering
into account. The x? value provides an important parameter that describes the quality of

the reconstructed track and can be used to discard events based on the track quality.

Track residuals
Track residuals refer to the spatial difference between the reconstructed track intersection

and the recorded hit position assigned to the event. They are used as verification of the
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track reconstruction and alignment procedure. Simplified to one dimension, the residual
can be expressed as

Ax = Thit — Ltrack - (61)

In the case of successful alignment and track reconstruction, the residual distribution of
a device is centered around zero. The shape of the distribution depends strongly on the
pixel size. For small pixel pitches of < 25 pm, the residuals are Gaussian distributed, while
larger pixel sizes require an additional convolution with a box function. An exemplary
residual distribution of a MIMOSA26 telescope plane is shown in Figure Deviations
from the expected Gaussian shape of the distribution are explained by multiple scattering
effects (see Section , while the uniform background is the consequence of incorrectly
reconstructed tracks. Neglecting biases from the analysis framework, the width of the
residual distribution is described by [149]

Ores = \/ U(Zict + agoint ’ (62)

where opoint denotes the pointing resolution at the detector plane and og4e¢ is the intrinsic
resolution of the device. In the case of binary hit information, the latter is defined by the

pixel pitch p of the device [7]:
binary __
det -

(6.3)

-
[N}

Results
In the final step, the performance of the[DUT]is analyzed in depth using the reconstructed
tracks. The most important property is the hit-detection efficiency eyt of the device. It

is defined as the ratio
DUT

Ntra ki
€hit = Ntotcals (6'4)

tracks

tracks?

structed tracks, Nfotal = Tracks are considered as detected if the measured hit(s)

racks*

of the number of detected tracks by the NPUT " and the total number of recon-

within the vicinity of the reconstructed track in space and time. The latter was already
handled by the event building step. A search radius around the reconstructed track inter-
section point based on the residual distribution is chosen to prevent overestimation of the
hit-detection efficiency (see Section . Incorrectly reconstructed tracks (noticeable
as the uniform background in the residual distribution) are discarded. Furthermore, the
good pointing resolution of the telescope facilitates an investigation of the hit-detection
efficiency within a single pixel cell of the [DUT} This is relevant since certain in-pixel ar-
eas are of greater interest such as the pixel corners due to a higher probability of charge
sharing. If high resolution timing information of the trigger and [DUT] hit arrival times
are available, the behavior of the hit-detection efficiency against the hit arrival time can

be investigated. Especially high-rate experiments like ATLAS require high hit-detection
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efficiencies within a short duration after a trigger signal.

6.2.3 Error estimation of the hit-detection efficiency

The error estimation of such a challenging measurement and analysis as given in beam tests is
complex. Several factors contribute systematically to the uncertainty of the estimation of the
number of reconstructed tracks in the setup and measured events in the [DUT] According to
Eq. , these errors directly affect the measured hit-detection efficiency and can lead to an
underestimation or even overestimation of the result, the latter being more severe. They can

be separated into four categories, which differ in their impact [149):

« Increase of N!°%l : Noise hits in the telescope planes can result in the reconstruction of
fake track candidates. Also, the reconstruction of tracks based on hits that do not belong
to the same incident particle is an issue. Both cause an overestimation of the number
of reconstructed tracks, which artificially decreases the measured hit-detection efficiency.
This error can be mitigated by using more telescope planes and requiring hits in most of

them for the track reconstruction.

total .
o Decrease of N/ i.:

The hit-detection efficiency of the telescope planes and the track
reconstruction efficiency of the analysis framework lead to an underestimation of the
reconstructed tracks. Not reconstructed tracks will lead to an overestimation of the hit-
detection efficiency (except for the trivial cases of eniy = 1 and epiy = 0) as a corresponding
[DUT] hit can be incorrectly assigned to a different reconstructed track. Simulations have
shown that tight cuts on the association distance in the track reconstruction limit the

overestimation of the efficiency to less than 0.03 % [149].

o Increase of NPUT : Noise hits in the can lead to an artificial overestimation of its
hit-detection efficiency, if the noise hits are assigned to tracks which were not detected by
the device. The impact of this contribution strongly depends on the noise occupancy of
the detector. Here, the noise occupancy refers to the average detected noise hit rate per
readout channel and scan duration. In case of triggerless devices, the association distance
to the trigger signal in the event building also influences the size of this uncertainty. For
typical noise levels, studies have shown an overestimation of the hit-detection efficiency
of less than 0.01% due to association errors in the event building [28]. Especially for
irradiated devices, it is important to reduce the noise of the DUT|as much as possible by

cooling it during the measurement.

DUT .
¢ Decrease of Ntracks'

of the detected hits in the [DUT]and, thus, its hit-detection efficiency. This effect is more

prominent at the sensor edges, since it is more likely that the particle is scattered outside

Events with large scattering angles can result in an artificial decrease

the sensitive area. It can be mitigated by employing track fitting models that take into
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account multiple scattering. In addition, only pixels in the center of the sensor should be

considered in the analysis.

Additional uncertainties are introduced by the chosen cuts on the reconstructed track quality
x%,4 and the association distance during the alignment procedure [42]. The size of both is in
the order of 0.02%. Furthermore, the statistically based event building for triggerless devices
causes an uncertainty that is strongly dependent on the noise rate of the device |28]. The exact
noise rate varies between samples and depends on the front-end settings. Thus, it needs to
be evaluated for each measurement independently. Based on this discussion and considering
typical noise rates of the studied devices, a systematic uncertainty of 0.05% is estimated for
test beam measurements performed in the scope of this thesis.

The statistical uncertainty of such a test beam analysis is described by a binomial distribution
and depends on the number of tracks as well as the hit-detection efficiency. Typical data sets
contain more than 10° events, of which at least 10° tracks are assumed to be reconstructed. For
hit-detection efficiencies ey > 98 % and such a number of track, this yields a 1o uncertainty
interval of less than 0.05 % [149]. In case of lower efficiencies, the statistical uncertainty increases.
Due to the large amount of data, the statistical uncertainty is typically negligible compared to

the systematic one, especially considering high hit-detection efficiencies.
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DMAPS

The main goal of this thesis is the characterization of the LF- and TJ-Monopix2 chips after irra-
diation. The effects of bulk and surface damage on both chips were investigated separately since
a powered [NIET] irradiation could not be realized. This chapter describes the characterization
results of both chips after irradiation. The results obtained with LF-Monopix2 are presented in
Section while the TJ-Monopix2 results are shown in Section The general performance
based on laboratory measurements of both chips at different irradiation levels is reviewed in
Sections [T.1.1] and [7.2.1] For TJ-Monopix2, the investigation of an unexpected fluctuation in
threshold during operation is also discussed. Sections [7.1.2] and [7.2.2] summarize the X-ray ir-
radiation campaigns performed with LF- and TJ-Monopix2, respectively. The results of beam
tests conducted with each chip and at different irradiation levels are presented in Sections
and[7.2.3] Finally, Section [7.3|compares the performance of both Monopix2 chips and highlights
their respective advantages.

7.1 Characterization of LF-Monopix2

For the characterization of the radiation tolerance, LF-Monopix2 samples were irradiated up
to 400 Mrad and 5 x 10'° nyq cm =2 fluence, separately. The X-ray irradiation was
performed at the laboratory setup in Bonn described in Section As bulk damage depends
on particle type and energy (see Section , multiple facilities were selected to irradiate chips
to fluences ranging from 1 x 10'® to 5 x 10'® neq cm™=2. Table gives an overview of the
available [NIEL}irradiated LF-Monopix2 samples that were measured in the scope of this thesis.
All samples measured were 100 pm thin and backside processed. Irradiation with protons were
conducted at the Bonn isochronous cyclotron [150]. The TRIGA Mark II research reactor in
Ljubljana [151] was employed for neutron irradiation. All devices were not powered during
and annealed for 80min at 60 °C after irradiation. Since [MOS] devices need to be powered to

receive surface damage, the precise [TID] during [NIET]irradiation is unknown but assumed to be

negligible. The Bonn isochronous cyclotron facility is preferred due to logistic advantages that
facilitate stepwise irradiations. As no long-distance shipping is necessary between the facilities
in Bonn, the risk of uncontrolled annealing during transportation is significantly reduced. Fur-

thermore, the custom beam diagnostic system implemented in the Bonn facility [80] enables
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Sample Fluence ) Particle energy Irradiation facility
/ Deqem™ and type
A 1 x 1015 14 MeV protons Bonn isochronous
cyclotron
B 2 % 101° 14 MeV protons Bonn isochronous
cyclotron
C 3 % 1015 14 MeéV protons Bonn isochronous
cyclotron
D 5 % 1015 14 MeV protons Bonn isochronous
cyclotron
E 1 x 1015 Reactor neutron TRIGA Mark II
spectrum research reactor,
Ljubljana
F 2 % 1015 Reactor neutron TRIGA Mark II
spectrum research reactor,
Ljubljana

Table 7.1: Overview of available [NIELtirradiated LF-Monopix2 samples. The received is assumed
to be negligible since all chips were not powered during the irradiation. Each sample was annealed for
80min at 60 °C after the irradiation.

homogeneous irradiation at relative uncertainties of less than 2 % [NIEL| fluence across a device.
Conventional dosimetry methods applied by the other facilities have uncertainties in the order
of 10 %.

7.1.1 Laboratory characterization

This section discusses the results of laboratory measurements with[NIEL}irradiated LF-Monopix2

samples. The respective results after X-ray irradiation are covered in Section [7.1.2

I-V characteristics

The I-V characteristics summarize the change in leakage current relative to the reverse bias
voltage supplied to the chip. As described in Section[d.1.2} the[NIEL]scaling predicts a linear in-
crease of the leakage current with fluence. Figure[7.I]shows the change in I-V characteristic with
increasing fluence for LF-Monopix2. Here, no data is available for the 3 x 10 neq cm™2
sample. A reference measurement of a non-irradiated sample confirms the high breakdown
above 450V [116] and the low overall leakage current at this fluence level. After irradiation,

no breakdown is observed up to 500V at 5 x 105 ne, cm™2.

To prevent irreparable damage
to the chips, the bias voltage was only increased up to 410V for lower fluence levels. Subse-
quent detailed analysis on the change in depletion depth with fluence in Section [7.1.3] will
show that the applied bias voltages were sufficient to fully deplete the sensitive volume. The
expected increase in leakage current with fluence level due to bulk damage is visible across all

samples. The linear nature of this increase (at around 7 pA/cm? per 1 x 105 ne, cm =2 fluence at
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Figure 7.1: I-V characteristics of LF-Monopix2 at different NIEL fluences scaled to cm~2. Due to the
large increase in leakage current, the y-axis is shown on a logarithmic scale. The non-irradiated sample
was measured at room temperature while all irradiated chips were cooled to —20°C. Proton (p) and
neutron (n) irradiated samples are marked accordingly. No data is available for the 3 x 10 neq cm™2

sample.

150'V) for proton-irradiated samples up to 2 x 101° n.q cm~2 is in agreement with [NIEL|scaling
(see Section [4.1.2). At 5 x 10 neqcm™2 fluence, this step size predicts a leakage current of
351A /cm? at 150 V. The measured 28 pA/cm? at 150V deviate by 20 % from the expected

value for the highest fluence. In contrast, the coincidence within the error margin between

2

proton- and neutron-irradiated I-V characteristics at 2 x 10'° neq cm™2 is consistent with the

hypothesis. At 1 x 10%° Neg cm ™2 fluence, the leakage current of the neutron-irradiated
sample exceeds the proton-irradiated one by almost a factor of two. The main source for devi-
ations are uncertainties in the dosimetry during irradiation and, thus, the received fluence by
the sample. In addition, devices such as[DMAPS] that exceed the complexity of a simple diode
which is used as reference for scaling, may sustain localized damage (e.g. in the periph-
ery) that distort the scaling. This may also contribute to the presumably restricted increase in

leakage current at 5 x 105 neq cm™2, which is not consistent with the linear increase observed

at lower fluences.

Threshold and ENC performance

Apart from the I-V characteristics, threshold and [ENC| are key parameters that affect the
performance of a detector. As described in Section [.3] both are extracted from a threshold
scan. For each pixel, the error function of the form Ng(Q) = N/2 (erf (Q?f%:h) + 1) is
fitted to the respective registered hit distribution. Figure shows the resulting hit occupancy
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with increasing injected charge for multiple pixels after tuning and the corresponding threshold

distribution. An exemplary s-curve fit to the mean response across all pixels is visualized by
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Figure 7.2: (a) Exemplary hit occupancy with increasing injected charge for multiple pixels and
(b) resulting threshold distribution measured with LF-Monopix2. As demonstrations, an s-curve is
fitted to the mean hit occupancy. Additional markers visualize how threshold and ENC (1-o region)
are determined from the exemplary s-curve fit. The threshold dispersion is estimated by the Gaussian
fit to the threshold distribution.

the red dotted line. If noisy pixels complicated the tuning procedure, about 0.5 %El of pixels are
allowed to be masked. This is particularly important after irradiation, since individual pixels
may become very noise due to radiation damage. In the worst case, such pixels permanently
detect noise hits which spam the system and render the chip inoperable. A summary of
the mean achievable operational threshold and [ENC] for the different matrices of LF-Monopix2
at each [NIEL] fluence is given in Table[7.2] Here, achievable operational threshold refers to front-
end settings that allowed a stable operation (in test-beam conditions) across multiple hours. All
measurements were performed at —20°C ambient temperature and bias voltages in the range
of 100 to 200V which sufficiently deplete the sensitive volume for all fluences. The threshold
dispersion is used to quantify the error on the threshold, while the error on the[ENC]is estimated
accordingly by the width of the noise distribution. The percentage of disabled pixels during
the tuning procedure is stated for each measurement. For each fluence and front-end variant,
the global registers were adjusted to achieve the best possible performance. Most importantly,
the global register regulating the local tuning step size must be adapted to compensate the
increased threshold variance between individual pixels after irradiation. From here on, Matrix
1-3 and Matrix 1-4 are treated as one, since no difference in performance was observed between
them across non-irradiated and irradiated results. Due to time constrains, Matrix 1-2 could not
be measured at the 2 x 10'° Neg cm ™2 fluence step of the proton-irradiated sample.

Up to 2 x 10%° Neg cm ™2 fluence, a systematic increase in threshold andwith irradiation

IThis limit originates from the ATLAS outer layer requirements.
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Fluence Threshold ENC Disabled

/ Deq cm ™2 /e /e pixels

0 2089 + 52 105 + 17 0.3%

_ | 1x10" (p) 1990 + 73 139 +13 0.1%
= | 2x 10 (p) 2411 £ 83 188 £ 15 0.3%
faj 3 x 10 (p) 2318 £ 89 125 £+ 12 0.4%
S | 5x10% (p) 2174 4+ 78 135+ 11 0.5%
1 x 10* (n) 1845 + 61 127 +13 0.4%

2 x 10 (n) 2506 + 85 174 £17 0.5 %

0 2458 + 113 117 £ 20 0.4 %

o X 10* (p) 2107 + 136 142 + 14 0.6 %
~ [ 2x 10" (p) N/A N/A N/A
£ [ 3% 107 (p) 2535 + 148 140 £ 15 0.7%
S | 5x 101 (p) 2373 + 184 155 + 19 0.3%
1 x 10* (n) 1993 + 127 148 + 16 0.1%

2 x 1015 (n) 2636 + 183 181 +17 0.3%

0 1922 + 85 88 +13 0.4%

~ | 1x10¥ (p) 2091 + 114 121 +£13 0.9%
%[ 2% 10" (p) 2051 + 106 157 + 26 0.3%
£ | 3x10% (p) 2616 + 140 130 £17 0.6 %
§ 5 x 10 (p) 2631 + 214 133 + 17 0.6%
1 x 10 (n) 1757 4 102 112+ 14 0.6 %

2 x 1015 (n) 2432 + 131 140 + 14 0.5%

0 1899 + 62 106 + 16 1.0%

1 x 105 (p) 1940 + 90 132+ 14 0.8%

S| 2x10" (p) 2174 + 91 192 +17 0.7%
% 3 x 1015 (p) 2250 + 89 121413 0.5%
= | 5x10% (p) 2447 + 95 130 + 14 0.5 %
1 x 105 (n) 1785 £ 75 130+ 14 0.6 %

2 x 10'° (n) 2280 + 89 160 + 18 0.4 %

0 2055 + 53 128 £17 0.8%

1 x 105 (p) 1941 + 77 143415 0.8%

T 2x10" (p) 2391 + 77 200 + 17 0.6 %
Lg 3 x 10% (p) 2235 + 98 124 + 12 0.5 %
= | 5x10% (p) 2420 + 88 140 + 12 0.6 %
1 x 10 (n) 1917 + 65 139 +13 0.5%

2 x 10'° (n) 2316 + 85 169 £ 17 0.5 %

Table 7.2: Mean threshold and ENC results after tuning for the individual matrices implemented in
LF-Monopix2 (see Table [5.1) at all available NIEL fluences. Proton (p) and neutron (n) fluences are
marked accordingly. All measurements were performed at —20 °C environmental temperature.
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7 Characterization of the Monopix2 DMAPS

level is observable independent of front-end variation or particle type. The reason for this is the
increase in leakage current (see Figure and, consequently, a larger shot noise contribution
with fluence [7]. While the already increases at 1 x 10 noq cm™2, the achievable threshold
stays the same within the respective error margins. Accordingly, the operational thresholds
listed in Table are not the absolute noise limit. Early tests with non-irradiated samples
showed, that operation at the noise limit in test-beam environments was not feasible. Due to
the activity in the matrix, pixels would become very noisy and fire continuously. However,
detailed studies on the analog monitoring signals did not show any particular cross-talk from
the in-pixel electronics and this issue remains not fully understood. For fluences of 3 x 10'® and
5x 10 Neg cm ™2, the worsens in contrast to the non-irradiated case, but stagnates or even
improves compared to lower fluences. At the same time, the threshold and threshold dispersion
deteriorate. It was observed, that operation at higher bias voltages noticeably increased the
noise level and permanent firing of individual pixels in this case. This hints at an increased
contribution of shot noise, which is also in agreement with the higher leakage currents present
at these fluences. Furthermore, it needs to be considered that the adjustments of the (global)
front-end settings required by large radiation damage at these fluences impacts the threshold
and [ENC] performance. At larger fluences, an increase in feedback current is necessary to
counteract the longer charge collection times due to bulk damage effects (see Section . This
adjustment can partially compensate the higher leakage currents by stabilizing the baseline at
the amplifier input node. Nevertheless, there is a higher probability that the radiation damage
received by individual pixels at such fluences cannot be compensated by adjustments to the
front-end settings anymore. The threshold of such pixels may not be recoverable by the local

tuning and will require masking of pixels in the tuning procedure.

Comparing the threshold dispersion between the different front-end variants highlights the
performance enhancement from the bidirectional discriminator tuning. While the threshold
dispersion increases to more than 200e~ for the unidirectional tuning after irradiation, it re-
mains below 100e™ for all fluences in the case of the bidirectional tuning. A lower threshold
dispersion directly implies an improvement in the mean threshold through the (local) tuning
procedure. This degradation explains the significant increase in threshold experienced already
at 3 x 1015 ngq cm =2 fluence in the case of the unidirectional tuning front-end variants.
Furthermore, the advantage of a lower [ENC] in the case of the unidirectional tuning circuit

(88 e~ for Matrix 1-34) before irradiation is reduced as the radiation level increases.

The comparison between proton- and neutron-irradiated samples up to a fluence of 2 x
10" neq cm™2 shows consistent behavior of both threshold and within the margin of error.
Only the achieved thresholds of Matrix 1-34 deviate beyond the error margin for each respec-
tive fluence. At 1 x 10'° Neg cm ™2 fluence, the proton-irradiated sample required an unusually
high number of 0.9 % of pixels masked during tuning, compared to < 0.6 % for all other tuned
configurations of this matrix. This may be caused by deviating operational conditions or chip

configurations due to the complex nature of the measurement. Thus, it is no explicit indicator
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7.1 Characterization of LF-Monopix2

Front-end Analog Digital EoC logic VPC ID;ACI reference
variant / mW / mW / mW / mW / mW
Matrix 1-1 20.19 9.39 16.82 0.18 8.9 x 1073
Matrix 1-2 20.19 9.39 16.83 0.18 9.5 x 1073
Matrix 1-34 59.92 7.77 16.82 0.18 8.8 x 1073
Matrix 2 24.51 9.39 16.83 0.18 9.5 x 1073
Matrix 3 23.97 9.75 16.83 0.18 8.9 x 1073

Table 7.3: Power consumption of the low-voltage power domains for all front-end variants in LF-
Monopix2 before X-ray irradiation.

for the performance degradation of the chip at this fluence. At 2 x 10'® noq cm™2 fluence, the
threshold of the neutron-irradiated sample exceeds the one of the proton-irradiated sample with
respect to the respective error margins while similar amounts of pixels were disabled. In both
cases, it seems likely that the adjustment of the global front-end settings and, thus, the tuning

procedure was not optimized for the individual samples.

7.1.2 X-ray irradiation of LF-Monopix2

The X-ray irradiation of LF-Monopix2 was split into two separate campaigns, both of which were
performed at the irradiation setup described in Section [6.1} In the scope of the first campaign,
a sample was irradiated to 100 Mrad in accordance with the design target. This campaign
was split into 16 irradiation steps logarithmically distributed across the [TID] range, between
which a standardized measurement procedure was performed. After 100 Mrad was reached, the
sample was annealed for 80min at 60°C to replicate the post-irradiation procedure of [NIEL}
irradiated chips. Subsequently, extensive tests on the recovery of the surface damaged front-end
performance were conducted. Planned beam tests at this [TID] could not be realized due to
limitations of available beam times at the respective facilities. Subsequently, the same chip was
irradiated further to 400 Mrad in seven steps to investigate the maximum radiation tolerance
of the electronics. During both irradiation campaigns, the sample was cooled to 0°C.
Throughout the entire irradiation campaign, the power consumption of all low-voltage power
domains was monitored. Apart from digital and analog supply voltages for the matrix, LF-
Monopix2 requires powering of the end-of-column (EoC) logic and the pre-charge (VPC) for
the column bus. In addition, a reference current for the [DAC] registers is provided. The power
consumption of each domain before X-ray irradiation is listed in Table [7.3] for each front-end
variant. The peripheral power domains (EoC logic, VPC, andreference) show no difference
between the individual front-ends, as is expected. The analog and EoC logic domains are the
dominant contributors to the overall power consumption. It needs to be considered that the
former scales with the number of enabled pixels, which explains the noticeably larger value

measured for Matrix 1-34.
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Figure 7.3: Normalized power consumption of all power domains of LF-Monopix2 throughout the
X-ray irradiation measured with Matrix 1-34. The separation of the x-axis indicates the break between
the two irradiation campaigns.

The relative change of each low-voltage power domain with increasing [TID] is visualized
in Figure for Matrix 1-34 as an example. Up to 100 Mrad [TID] no changes in power
consumption are observed for the peripheral power domains. From these three domains, only
the consumption of the [DAC] reference starts to decrease slightly during the irradiation to
400 Mrad. Significantly more change with increasing [TID]is measured for the analog and digital
power supplied to the matrix. Between 0.1 and 1 Mrad, the digital power consumption decreases
around 25 % before almost doubling between 1 and 10 Mrad. Subsequently, this value drops
continuously as the irradiation continues. At 400 Mrad [TID] less than a quarter of the initial
digital power is consumed by the matrix. In the case of the analog power domain, only the
reduction in power consumption starting around 10 Mrad is observed. Similar to its digital
counterpart, the measured consumption drops below a quarter of the initial value.

Changes in threshold voltage of [MOS] transistors due to surface damage alter the leakage
current of the device and, thus, its power consumption. As described in Section [£:2.3] NMOS
transistors of the relevant technology feature size first experience a decrease in threshold voltage
caused by the accumulation of oxide trapped charges. Subsequently, trapping of negative charges
at the Si-SiOy interface counteracts this decrease and becomes dominant for larger [TID] In the
case of PMOS devices, both effects contribute to an increase of the threshold voltage. Since the
digital in-pixel electronics of LF-Monopix2 uses NMOS transistors, the resulting characteristic
spike in power consumption caused by the described rebound effect is observed [102]. The analog
in-pixel electronics is implemented with PMOS transistors exclusively, which only lead to the
decrease of the power consumption. This behavior is also in agreement with measurements of
the predecessor LF-Monopix1 [107].

For the significantly changing matrix power domains, a comparison between the respective

relative change for all front-end variants is shown in Figure [7.4 For both power domains,
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Figure 7.4: Normalized power consumption of the (a) analog and (b) digital power domain for all
front-end variants of LF-Monopix2 throughout the X-ray irradiation. The separation of the x-axis
indicates the break between the two irradiation campaigns.

inconsistencies in the relative change are noticeable between 100 and 120 Mrad [TID] This is
explained by the break between the two individual irradiation campaigns, in which additional
controlled and uncontrolled annealing happened. In the case of the digital power domain, the
largest relative spike in power consumption is measured for Matrix 1-34. For the other front-
end variants, the relative increase is only about 50 %. After irradiation to 400 Mrad all
variations experience the same drop below 25 % of the initial digital power consumption. The
analog power consumption shares the same trend for all front-ends, but differs in the extent of
the decrease. For larger absolute values before irradiation, a greater relative drop is observed. As
stated previously, the absolute consumption of this power domain depends also on the amount
of enabled pixels. This correlation can be recognized again in the graph. Consequently, it

cannot be concluded that Matrix 1-34 is more prone to surface damage from these results.
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Figure 7.5: Measured gain of all front-end variants of LF-Monopix2 throughout the X-ray irradiation.
The impact of the lower feedback capacitance (see Table [5.1) on the amplifier gain is evident. The
separation of the x-axis indicates the break between the two irradiation campaigns.

Apart from the power consumption, the gain and threshold configuration of the front-end
electronics is monitored throughout the irradiation campaign. Figure [7.5] displays the amplifier
gain with increasing [TID] measured for each front-end variant. Here, the gain was determined
on a per-pixel basis from the change in unbiasedﬂ threshold scans at different global discrimi-
nator threshold settings. The width of the resulting Gaussian distribution is interpreted as the
corresponding uncertainty. The increase in amplifier gain by reduction of the feedback capac-
itance is clearly visible in the figure. Up to 100 Mrad [TID] the gain stays constant within the
uncertainty for all front-end variations. During the continuation of the irradiation to 400 Mrad
[TID] a tendency of gain degradation is apparent for variants equipped with the smaller feedback
capacitance. Most affected is Matrix 2, which also exhibits the largest increase in per-pixel fluc-
tuations. The latter is evident in the increasing uncertainty towards the end of the irradiation
campaign. For front-end variants with larger feedback capacitance, the gain remains constant
even at this

Since the time for an X-ray irradiation campaign is limited by the availability of the setup, it
was decided against the optimization of the front-end parameter settings after each irradiation
step. Instead, the change of an initial threshold configuration tuned before the irradiation
was monitored, where the threshold dispersion was used as an indicator for the received surface
damage. Retuning of the threshold configuration was used to test the potential for compensation
of the received radiation damage by adjustment of global register settings. With respect to the
threshold dispersion, the adjusted register was the local tuning step size. Figure shows the
degradation in initial threshold dispersion and the retuned one after each irradiation step. Due

to the increasing extent of surface damage, the initial threshold configuration was only measured

2In this case, unbiased refers to the local threshold tuning transistors which, in return, do not influence the
threshold of a pixel.
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Figure 7.6: Measured threshold dispersion of all front-end variants of LF-Monopix2 throughout the
X-ray irradiation. The change of the initial front-end configuration and a retuned one with adjusted
global and local chip settings were measured after each irradiation step. The separation of the x-axis
indicates the break between the two irradiation campaigns.

throughout the first irradiation campaign. A degradation of close to 50 % is observed for all
front-end variations starting at an ionizing dose of 0.6 Mrad. This is consistent with the change
monitored in the digital power domain due to the implemented NMOS transistor. At 100 Mrad
[TID] the threshold dispersion of the initial configuration doubled for Matrix 1-34 and increased
by at least a factor of 3.5 for all other front-end variants. The lower power consumption in both
digital and analog domain suggests that the front-end transistors are no longer operated at their
intended operating points. Retuning the threshold configuration facilitated a reduction of this
rise to around 50 % in the worst case of Matrix 1-34 after 400 Mrad. It needs to be emphasized
that this measurement does not include a detailed optimization of the global front-end settings
to compensate the received surface damage. This analysis is a quantitative characterization of
the change in performance of the readout electronics and the possibility to counteract it. Thus,
similar investigations on the and threshold degradation after each irradiation step are not

very meaningful.

The time-consuming optimization of the front-end settings to readjust the operating points
of the transistors was only performed after reaching the maximum [TID] of each individual
campaign and annealing the chip for 80 min at 60°C. Adjustments to the reference current
for the [DAC] registers proved to be most effective to recover the performance degradation. To
restore the non-irradiated performance of the transistors, the reference current was increased
from 8pA to 10pA or 11pA depending on the front-end variant. Table [7.4] summarizes the
change in mean achievable threshold and after 100 Mrad and 400 Mrad [TID] Again, the
threshold dispersion and the width of the [ENC]| distribution define the respective uncertainties.
At an ionizing dose of 100 Mrad, the increased between 18.5% and 33.3% depending
on the front-end variant. Due to surface damage (see Section , the working point of each

91



7 Characterization of the Monopix2 DMAPS

TID| Front-end Threshold / e~ ENC /e~ Disabled pixels
Matrix 1-1 2089 £ 52 113 £ 15 0.3%
2 Matrix 1-2 2448 £ 113 117+ 16 0.4%
g Matrix 1-34 2076 £ 85 90 + 11 0.1%
< Matrix 2 1993 + 59 105 £ 18 0.4 %
Matrix 3 2188 £47 124 +£19 0.3%
Matrix 1-1 2087 + 56 136 + 14 0.3%
ch Matrix 1-2 2092 + 132 146 + 18 0.3%
E Matrix 1-34 1915 £+ 100 120 + 12 0.2%
= Matrix 2 1908 + 68 135 + 14 0.3%
Matrix 3 1990 + 50 147+ 15 0.3%
Matrix 1-1 2145 + 69 184 + 18 0.9%
ch Matrix 1-2 2868 £+ 128 215+ 13 0.7%
E Matrix 1-34 1865 £ 142 140 + 14 0.6%
S Matrix 2 1723 £65 145 + 12 0.4%
Matrix 3 2123 £ 53 150 £ 12 0.4%

Table 7.4: Mean threshold and ENC results after tuning for each front-end variant implemented in
LF-Monopix2 (see Table after X-ray irradiation to 100 Mrad and 400 Mrad TID, respectively. All
measurements were conducted at 0°C and after annealing of 80 min at 60 °C.

individual transistor is distorted. This leads to changes in response of each front-end readout
electronics, which cannot entirely be compensated by adjustments to the global chip. Additional
leakage currents in the transistors (as described in Section implemented in the front-end
electronics contribute to this degradation. Despite the higher comparable thresholds
were achieved within the uncertainty across all front-ends while disabling a similar amount of
pixels. Also, the corresponding threshold dispersions were close to the non-irradiated values.
The front-end variants equipped with the unidirectional discriminator tuning circuit suffered
the worst degradation at around 17 % increase. A recalibration of the charge injection circuit
at 100 Mrad [TID] revealed no alteration of the injection circuit at this dose.

After X-ray irradiation to 400 Mrad a further increase of the between 21.0 % and
83.8 % compared to the non-irradiated values was observed. The largest increase was measured
for Matrix 1-2, which is also the only front-end that experienced a substantial increase in
threshold. For all other front-end variants, similar thresholds as before irradiation were achieved
within the margin of error. However, the matrices equipped with the original charge-sensitive
amplifier of the predecessor (see Table [5.1) required more masked pixels to accomplish this
compared to the non-irradiated case. This is also emphasized by the larger increase in threshold

dispersion observed for these front-end variants. In the case of Matrix 2 and Matrix 3, no
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significant change in threshold dispersion and required masked pixels was observed throughout
the second irradiation campaign. Correspondingly, both front-ends suffered the smallest increase
in[ENC]between 100 to 400 Mrad. It must be noted, that no recalibration of the charge injection
circuit was performed at 400 Mrad [TID} Consequently, the actual values of threshold and
may differ. Since the injected charge is set by the difference between two independent voltages,
which are predicted to degrade similarly, the effective change of the calibration result is expected

to be small.

7.1.3 Beam test results of LF-Monopix2

This section evaluates the radiation hardness of LF-Monopix2 based on the performance in
beam test environments. A focus is put on the measured hit-detection and in-time efficiencies
that were achieved at the different irradiation levels. All irradiated devices were cooled using the
portable cooling setup described in Section While the X-ray-irradiated chip was cooled
to —10°C environmental temperature, the [NIEL}rradiated samples were measured at —20°C

to reduce the significantly increased leakage current induced by bulk damage.

Depletion depth measurement after NIEL irradiation

As described in Section bulk damage degrades the charge collection capabilities of semicon-
ductor sensors. Due to the increased charge carrier trapping probability with higher fluences,
depleting the sensitive volume is essential to optimize the tracking performance. However, the
change in effective doping concentration requires larger bias voltages to reach similar deple-
tion depths as before irradiation. Studies on the depletion depth against applied bias voltage
are relevant to understand the performance of sensors after irradiation. In the case
of LF-Monopix2, these studies were conducted utilizing an electron beam at the introduced
test-beam facilities in Section [6.2] The depletion depth is calculated from the Landau-shaped
charge spectrum (see Section [2.2)) of an electron beam, in which the electrons can be considered
as [MIPk. Such an exemplary charge spectrum measured with a fully depleted LF-Monopix2
chip is shown in Figure The charge [MPV] is extracted by fitting the convolution of a
Landau and a Gaussian distribution to the spectrum. The Gaussian contribution is needed
due to smearing effects due to electrical noise or digitization artifacts in the detector readout.
As discussed in Section the average energy loss depends on the thickness of the detector.
Rearranging Eq. provides the correlation between detector thickness and most probable
energy deposition for a given material and particle type and energy [11]. Figure shows the
most probable number of electron-hole pairs created for different thicknesses of silicon in the
case of an impinging 5 GeV electron beam. Considering that the value must be an integer, this

yields an [MPV] of 71 electron-hole pairs created in 100 pm thick LF-Monopix2 sensors. Thus,

f 6021 e
7le~ /pm

The dominant uncertainty contribution in this analysis is the binning of the charge spectrum

a depletion thickness o = 84.8pm is estimated for the exemplary charge spectrum.

93



7 Characterization of the Monopix2 DMAPS

20000 — 78
—— Landau-Gaussian fit —— 5 GeV electron

17500 1 MPV = 6021 e~

761
150004

125001

~
N

10000 1

# of Hits

MPV /e um~1
~
N

7500

5000 1
70

25001

0+ y ¥ T T i T
0 2500 5000 7500 10000 12500 15000 17500 50 100 150 200 250 300
Charge / e~ Silicon thickness / pm

68

() (b)

Figure 7.7: (a) Exemplary charge spectrum of a 5 GeV electron beam measured with LF-Monopix2
and (b) estimation of the number of generated electron-hole pairs by an impinging particle for different
silicon thicknesses. The convolution of a Landau and a Gaussian distribution is fitted to the spectrum
to extract the most probably charge value. For 100 pm thick silicon detectors, 71 electron-hole pairs
are most probably created by a traversing 5 GeV electron.

defined by the time-over-threshold resolution of the detector. In this case, the bin width of

342 e~ results in an uncertainty of 2.4 ym on the calculated depletion depth.

The resulting depletion depth against bias voltage measured across multiple test-beam cam-
paigns is shown in Figure collectively for all available fluences. Previous measure-
ments with LF-Monopix2 have shown that passivation and metal layers occupy about 15 pm of
the total thickness . Thus, the maximum achievable depletion depth is around 85 pm for
100 pm thin samples, which is indicated in the figure. The graph demonstrates that the sensitive

volume of LF-Monopix2 can be fully depleted up to fluences of 3 x 10 neq cm™=2.

An essen-
tial factor for this is the improved guard-ring design and the associated increase in breakdown
voltage compared to the predecessor. In the non-irradiated case, 20V bias voltage are suffi-
cient to fully deplete the sensitive volume. After irradiation to 3 x 10'® n.q cm=2 fluence, more
than 250V are necessary, which is above the breakdown voltage of the predecessor chip .
At 5 x 10%° Neq cm ™2 fluence, the received bulk damage is so severe that charge trapping and
changes in the effective doping concentration prevent full depletion. The latter also explains
the systematic increase in the required bias voltage to reach maximum depletion with [NIEL]

fluence.

Furthermore, different characteristics in the depletion depth are measured between proton-
and neutron-irradiated samples at the same fluence. The results shown in Figure imply
that the radiation damage caused by 3 x 10'° Neq cm ™2 fluence of protons coresponds
to between 1 x 101° and 2 x 10 neq cm =2 fluence of neutrons. This is contrary to the
expectation of [NIEL] scaling. However, the [NIEL] hypothesis is based on the comparison of
changes in leakage currents against fluence for simple diodes, as described in Section
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Figure 7.8: (a) Depletion depth and (b) corresponding hit-detection efficiency versus bias voltages for
all available NIEL fluences. Since the depleted volume is a sensor property independent of the front-end
variant, this measurement is only performed for Matrix 1-34. The mean threshold of each sample is
given in parentheses in the efficiency plot. There is a clear correlation between depletion depth and
hit-detection efficiency.
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For complex devices and measurements not related to leakage current as presented here, it is
apparent that the [NIEL] hypothesis does not sufficiently account for distinctions in radiation
damage caused by different particle types or energies [75].

The extent of the depleted volume significantly affects the (fast) charge collection and, thus,
the hit-detection efficiency of the silicon detector (see Section . The corresponding hit-
detection efficiency at different bias voltages of the aforementioned depletion depth study is
shown in Figure For all fluences, an improvement in hit-detection efficiency with in-
creased depletion depth is observed. The corresponding threshold and [ENC] settings are listed
in Table[7.2] The hit-detection efficiencies were calculated for the activated pixels only of each
tuning, respectively. At (close to) full depletion, hit-detection efficiencies larger than 99 % were
measured for fluences up to 3 x 10*® neq cm =2 protons and 2 x 10® neq cm ™2 neutrons. The sam-
ple irradiated to 5 x 10'® noq cm =2 fluence still achieved close to 98 % hit-detection efficiency at
400V bias voltage. This is a very promising result considering that it is more than three times
the initial fluence target and the threshold of (2631 & 214) e~ is relatively high.

Similar to the measured depletion depths, the hit-detection efficiency curves with bias voltage
differ between proton- and neutron-irradiated samples of the same fluence. In this case, the
performance of the 1 x 10! ney cm™2 neutron- and 2 x 10*® noq cm™=? proton-irradiated samples

2 neutron sample would correspond to a

are relatively equal. The results of the 2 x 101° ngq cm™
ﬂuence between 3x10'° to 5x 10'° Neq cm™2. This is expected since the change in effective
doping concentration (see Section is different for point-like and clustered defects, and,
thus, also for proton and neutron irradiation [77]. It also supports the previous observation
that [NIEL] scaling cannot accurately quantify complex parameters beyond leakage current.
In addition, for both neutron-irradiated samples the hit-detection efficiency drops slightly for
increasing bias voltages, after reaching its respective maximum. In the worst case, the difference
is 0.5 % between 250 and 400V for aﬂuence of 2x 10'% neq cm™2. Especially for the latter,
it was difficult to find appropriate front-end settings and maintain stable operation throughout
a beam test. Activity in the matrix repeatedly led to rapidly, firing noisy pixels which disturbed
the data acquisition. This got progressively worse for larger bias voltages and the corresponding
increased leakage currents.

It needs to be considered that the samples vary up to 700e™ in threshold within this mea-
surement, which is more than 10 % of the charge at full depletion. While charge collection
degrades after irradiation, the hit-detection performance is also impaired by higher thresholds.
The latter is equally an effect of radiation damage as discussed in Section Studies have
shown that the hit-detection efficiency starts to drop at thresholds larger than 3000e~ for
100 pm thick LF-Monopix2 chips before irradiation [116]. This effect is expected to increase
after irradiation as the charge collection efficiency decreases.

In addition, the noise hit rate affects the threshold configuration and hit-detection efficiency
of the detector. The noise hit rate is calculated for the number of noise hits detected per pixel

over a given time period (here 300s) [28]. Figure visualizes the measured noise hit rates
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Figure 7.9: Noise hit rate of Matrix 1-34 of LF-Monopix2 for different bias voltages after irradiation.

Neutron-irradiated samples (at lower NIEL fluence) show a noticeably higher noise hit rate than proton-

irradiated ones. No data is available for proton-irradiated samples at fluences below 3 x 10*° Neg em ™2

for various bias voltages at different [NIET] fluences. Across all samples, an increase in noise hit
rate for higher bias voltages is observed due to the larger leakage currents (see Figure . In
the case of proton-irradiated samples, the noise hit rate increases with fluence level. While the
same is expected for the neutron-irradiated chips, the 1 x 10'® Neg cm™? fluence sample performs
worse compared to the 2 x 10 n., cm™2 fluence one in this regard. Likely, this is explained
by chip-to-chip variations and difficulties in finding the optimal operational settings for the
1 x 10'® ngq em =2 fluence sample. Furthermore, neutron-irradiated samples show a significantly
higher noise hit rate compared to the proton-irradiated ones, considering the [NIEL] fluences

shown in Figure [7.9] are higher for the latter.

As discussed in Section[6.2.3] noise hits in the[DUT]can affect the analysis of the hit-detection
efficiency. Calculations of the overestimation of the hit-detection efficiency for different beam
and noise hit rates are discussed in detail in . In this publication, an overestimation of
around 0.01 % is estimated for an event window of 10 s and a noise hit rate around 5 x 107
per pixel per 25 ns at typical beam rates. The shorter event association time cut of 1 ps for the
LF-Monopix2 data stream yields an overestimation of less than 0.01 % for even higher noise hit
rates up to 1 x 10~7 per pixel per 25ns. Consequently, the high noise hit rates (especially after
neutron irradiation) only marginally alter the uncertainty of the efficiency calculation and the

estimated overall systematic uncertainty of 0.05 % remains dominant.
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Hit-detection efficiency after NIEL irradiation

Based on the measured depletion depth curve for each [NIEL] fluence, the optimized performance
of each front-end variant implemented in LF-Monopix2 can be compared. The applied bias
voltage is configured such that the sensitive volume is fully depleted for each irradiation level.
The results across all fluences and front-end variants are summarized in Table Apart from
the mean hit-detection efficiency, the ratio of hits detected within a 25ns time window after
the trigger signal (labeled as in-time ratio), the noise hit rate, and the applied bias voltage are
listed for each front-end variation. The corresponding threshold and of each measurement
are shown in Table As in the previous analysis, the hit-detection efficiency was determined
from the activated pixels only. It must be considered that deviations in threshold result in
changes of performance. Especially after irradiation, it was not always possible to precisely
match the threshold between different front-ends.

Table shows that all front-ends except Matrix 1-34 maintain a very good hit-detection
efficiency larger than 99 % after irradiation to the highest fluence. For all front-end variants, the
induced bulk damage at higher fluences is counteracted by increasing the bias voltages from 60 V
up t0 400V as confirmed in the depletion depth study. At 1x10' ne, cm™? fluence, the measured
hit-detection efficiency was above 99 % across all front-end variations and irradiation particle
types. This constitutes an improvement to the predecessor LF-Monopix1, which achieved 98.9 %
hit-detection efficiency at this fluence [114]. The main reason for this is the reduced pixel
pitch (see Section, which results in a smaller detector capacitance and larger signal-to-noise
ratio (see Section [5.1). The degradation in hit-detection efficiency to below 98 % for Matrix
1-34 at the highest fluence is partially explained by high threshold of (2631 &+ 214)e™.
While a threshold increase at this fluence is observed for all front-end variants, the matrices with
unidirectional discriminator tuning also suffer a more severe degradation in threshold dispersion.
Despite this drop, the hit-detection efficiency of Matrix 1-34 measured at 5x 10'® Neg cm™?
fluence is still very promising, since this fluence exceeds the design target by more than a factor
of three (see Section . At lower fluences, only Matrix 1-2 irradiated to 3 x 10'° ng cm™?
fluence exhibits a hit-detection efficiency of less than 99 %. This decline may be explained by a
not optimized front-end configuration and deviations in the operational conditions during this
complex measurement. The least degradation is observed for Matrices 1-1 and 3 where the

hit-detection efficiency is above 99.5 % across all fluences.

For the three largest matrices (Matrix 1-34, Matrix 2, and Matrix 3), the corresponding noise
hit rates of the different irradiated samples follow the same pattern as discussed in the previous
section. In the case of Matrix 1-1 and Matrix 1-2, no data is available for the neutron-irradiated
samples. Furthermore, Matrix 1-2 is the only front-end that detected a larger noise hit rate
at 3 x 101 ngq cm =2 fluence compared to 5 x 10 neq cm™2. This is consistent with the
experienced difficulties in tuning that resulted in a higher threshold despite a larger amount
of masked pixels for the lower fluence (see Table [7.2)). Since the other front-end variants do
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Fluence Hit-detection In-time Noise hit rate Bias
/ Deq cm ™2 efficiency ratio / 25ns~'pixel ! | voltage / V

0 99.60 % 99.49 % <1x10712 60

_ | 1x10™ (p) 99.79 % 99.72 % N/A 150
~ | 2% 10" (p) 99.82% 99.75 % N/A 300
£ [ 3x 107 (p) 99.67% 99.54% 1.72 x 10~ 11 250
= | 5x10" (p) 99.77 % 99.56 % 1.20 x 1079 400
1 x 10% (n) 99.84 % 99.80 % N/A 250

2 x 105 (n) 99.61% 98.75 % N/A 250
0 N/A N/A N/A N/A

o | 1x10" (p) 99.50 % 99.40 % N/A 150
~ [ 2%10% (p) N/A N/A N/A N/A
£ [ 3x107 (p) 98.10% 97.89% 1.61 x 109 250
S | 5x10% (p) 99.70 % 99.57% 1.36 x 1010 400
1 x 105 (n) 99.79 % 99.73 % N/A 250

2 x 105 (n) 99.29 % 98.59 % N/A 250

0 99.59 % 99.43% 6.70 x 1011 60

— | 1x10" (p) 99.47 % 99.15 % N/A 150
T [2x 107 (p) 99.66 % 98.45 % N/A 275
£ | 3x 101 (p) 99.27 % 96.80 % 4.90 x 10710 400
§ 5 x 105 (p) 97.84% 93.64% 4.50 x 1079 400
1 x 105 (n) 99.57% 98.63 % 8.65 x 1079 150

2 x 10% (n) 99.04 % 96.86 % 2.37 x 1079 250

0 99.85 % 99.76 % <1x10712 60

1 x 10 (p) 99.66 % 99.55 % N/A 150

| 2x10" (p) 99.69 % 99.57 % N/A 300
£ [ 3x10 (p) 99.28 % 99.21 % 5.01 x 10710 250
= | 5x 10" (p) 99.46 % 99.38 % 7.39 x 10710 400
1 x 10 (n) 99.73% 99.64 % 5.10 x 107 250

2 x 105 (n) 99.46 % 98.95 % 2.46 x 10710 250

0 99.63 % 99.58 % 1.05 x 10712 60

1% 10% (p) 99.73 % 99.65 % N/A 150

T 2x10" (p) 99.74 % 99.60 % N/A 250
£ [ 3x10° (p) 99.72 % 99.67 % 1.67 x 10710 250
= | 5x10' (p) 99.71 % 99.63 % 3.90 x 10710 400
1 x 10'° (n) 99.82 % 99.79 % 1.82 x 1079 250

2 x 1015 (n) 99.58 % 99.11 % 5.27 x 10710 250

Table 7.5: Mean hit-detection efficiency and in-time ratio for the individual matrices implemented
in LF-Monopix2 (see Table at all available NIEL fluences. Proton (p) and neutron (n) fluences
are marked accordingly. All NIEL-irradiated measurements were performed at —20 °C environmental
temperature. A dominant systematic uncertainty of 0.05 % is estimated for all efficiency values.
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Figure 7.10: Hit-detection efficiency of LF-Monopix2 projected onto a single pixel cell for in-pixel
studies for 1 x 10*, 2 x 10'®, 3 x 10", and 5 x 10'° neqcm™2 NIEL fluence from (a) to (d). The
respective bias voltages are 150, 275, 400, and 400 V. Here, only proton-irradiated samples are shown.
The displayed results are measured with Matrix 1-34 but represent the trend for all front-end variants.
While the pixel centers remain very efficient at all fluences, the hit-detection efficiency in the pixel
corners decreases significantly with radiation level. Note that the lower limit of the color scale changed
from 90 % to 75 % in (d).

not share this behavior, the aforementioned explanation of an insufficiently optimized front-end
configuration is corroborated. Nevertheless, the short event association time cut reduces the
contribution to the efficiency uncertainty of noise hits in the to less than 0.01 % across all
samples and front-end variants. Therefore, no adjustment of the estimated overall systematic

uncertainty of 0.05% is required for any measurement point.

Asymmetries and non-uniformity in the in-pixel layout can cause deviations in the response
of the detector, depending on the precise particle-track intersection with respect to the position
within a pixel cell of the DUT] To evaluate the hit-detection efficiency within a pixel cell, the
telescope setup must provide sufficient spatial resolution and a large amount of data is required.
To shorten the data-taking duration, the collected data of all enabled pixels is combined and
projected onto a single pixel cell in the case of LF-Monopix2. Figure displays the hit-
detection efficiency within a pixel cell for all available [NIET] fluences after proton irradiation.
The mean efficiencies of the center, side, and corner regions of a single pixel cell are included
for each graph. Since Matrix 1-34 exhibits the most pronounced performance deterioration, the
respective in-pixel projections are chosen as representative example. The qualitative observation
is the same for all front-end variants. As discussed, the mean efficiency decreases with increasing
radiation level. The in-pixel projections show that the performance degradation is significantly

worse in the pixel corners. After proton irradiation to 1x 105 ne, cm ™2 fluence, the performance
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Figure 7.11: Schematic illustration of the measured and calculated timestamps needed to estimate
the in-time ratio of LF-Monopix2. The scintillator (yellow) and Token (green) timestamps are mea-
sured with 640 MHz resolution. Using the time-over-threshold information with 40 MHz resolution, the
leading-edge timestamp (blue) can be calculated with 640 MHz resolution.

of LF-Monopix2 is very uniform across a single pixel cell. Already at a [NIEIL] fluence of 2 x
10'5 neq cm ™2, the hit-detection efficiency at the pixel corners drops below 99 %, although the
mean efficiency is still (99.66 £ 0.05) %. At 5 x 10" neq cm ™2 fluence, the center of a
pixel still detects (99.14 £ 0.05) % while the pixel corners only register (81.22 + 0.05) % of hits.
Since charge sharing with neighboring pixels is more likely at the pixel edges, the individually
measured charge per pixel is typically less than the deposited charge in the sensor. For such
events, a low threshold configuration is essential. Furthermore, the drift distance from the
pixel corner to the collection electrode is the longest distance within a pixel cell. Thus, charge
carriers generated at this position have the highest trapping probability after irradiation. The
combination of shared charges between pixels and high trapping probabilities due to long drift
distances explains the more severe drop in performance observed in the pixel corners. The
corresponding results for the best performing front-ends Matrix 1-1 and Matrix 3 are shown in
the appendix in Figure after irradiation to 5 x 10 neq cm™2 fluence. In both cases,

the hit-detection efficiency stays above 99 % in the pixel corners.

In-time ratio of efficient events

For triggerless devices like the Monopix2 chips, the estimation of the in-time efficiency within a
given time window is not trivial. In the case of LF-Monopix2, the scintillator signal associated
with a traversing particle is sampled with 640 MHz resolution in the FPGA using the auxiliary
inputs of the hardware. Similarly, the timestamp of the Token signal (see Section
and Section is also sampled with 640 MHz resolution. Using this high-resolution Token
timestamp and the time-over-threshold information sampled with 40 MHz resolution, the actual
hit arrival time (leading edge) is calculated. Thus, a reliable time-over-threshold information
is essential for this analysis. The time difference between scintillator timestamp and calculated
leading edge is applied to assign a phase (with 640 MHz resolution) relative to the 40 MHz
sampling clock to each hit. A schematic illustration of this method is shown in Figure [7.11]
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Figure 7.12: In-time ratio of Matrix 1-34 of LF-Monopix2 projected onto a single pixel cell for in-
pixel studies at 5 x 1015 Neq cm ™2 NIEL fluence. The mean in-time ratio across the matrix is 93.64 %
measured at a mean threshold of Q¢hr = (2631 +214) e™. Due to a higher probability of charge sharing
and resulting time-walk effects, the most severe drop in in-time ratio is observed in the pixel corners.

The resulting phase distribution allows one to identify the phase at which the majority of hits
are registered within a selected time interval. This analysis provides a good estimation of the
ratio of hits arriving within a chosen 25ns time window (corresponding to the collision

frequency).

The in-time ratios measured with LF-Monopix2 are listed in Table and indicate that
Matrix 1-34 performs the worst with an in-time ratio of 99.43 % before irradiation. Since
this front-end is equipped with a 5fF feedback capacitance, the pre-amplifier gain is small
compared to the other front-end variants (see Figure , which directly decreases the rise time
of the analog signal. Already at 2 x 10'° ng, cm™2 fluence, the in-time ratio drops below
99 %. After irradiation to 5 x 1015 ne, cm™2 fluence, a decrease below 94 % is observed.
Figure [7.12] shows the respective in-time ratio projected onto a single pixel cell. The severe drop
below 70 % in the pixel corners is explained by the previously discussed reasons of charge sharing
and trapping probability after irradiation. If the created charge is close to the threshold of a
pixel, time-walk effects cause delayed hit detection on the discriminator level. Consequently,
charge sharing is even more relevant for timing measurements and the degradation towards the

pixel edges is more pronounced compared to the hit-detection efficiency.

The hit-detection efficiencies measured with Matrix 1-34 (> 99% up to 3 x 10'° neq cm™2
fluence) confirm that the events are still detected, but the charge collection duration increases
with [NIETL] fluence. Thus, the low gain of this front-end cannot compensate the slower charge
collection due to bulk damage. Unexpectedly, this behavior is not observed for Matrix 1-2, which
features the same feedback capacitance and similar gain. As long as the respective thresholds
are reasonably close to each other, which is the case here, the different discriminator tuning
circuits implemented in these two matrices are not expected to affect the in-time performance.
However, no corrections regarding signal propagation delays relative to the pixel position (along
columns and rows) were considered in this analysis. If large areas of the matrix are enabled, the

readout scheme as one large super column (see Section [5.1) may cause delays in the registration
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of a hit. Since Matrix 1-34 is eight times larger than Matrix 1-2 (see Table 7 this could
explain the unexpected difference in in-time ratio. It would also imply that the in-time ratio
of Matrix 1-34 improves if corrected for the respective pixel position delays. However, this
hypothesis still needs to be confirmed.

All other front-end variants accomplished in-time ratios larger than 98.5 % at all fluences. The
only exception is Matrix 1-2 at aﬂuence of 3x 10" neq cm™2, where also the hit-detection
efficiency does not match the general tendency. It is likely that this measurement was affected
by external factors such as short-term instabilities in the cooling. The evaluated in-time ratios
pose a significant improvement compared to the predecessor LF-Monopix1, which measured
an in-time ratio of 83% at 1 x 10 neq cm™2 fluence [114]. Similar to the hit-detection
efficiency, this enhancement is facilitated by the smaller pixel pitch and, thus, lower detector
capacitance. As Matrix 3 has the highest gain, it also shows the best in-time performance with
ratios larger than 99 % across all fluences. Furthermore, all front-ends show a degradation in
in-time ratio with increasing [NIET] fluence. For the same reasons as previously discussed, the
pixel corners are affected the most by this decrease. The increasing trapping probability and
decreasing charge collection efficiency caused by bulk damage slow down the charge collection
and decrease the total collected charge. Since the in-time ratio is even more sensitive to delays
in drift duration and time-walk effects of different signal amplitudes, the degradation is more
severe. Similar to previous observations, the measured in-time ratios do not align with the
[NIEL] hypothesis. Based on the results in Table [7.5] irradiation with neutrons causes a larger

declination of the in-time ratio.

Hit-detection efficiency after X-ray irradiation

Due to limitations of available beam time slots at both test-beam facilities, it was only possible to
measure the X-ray-irradiated LF-Monopix2 chip at a[TID]of 400 Mrad. As surface damage does
not affect the sensitive volume and, thus, charge generation, no depletion depth or bias voltage
studies were conducted with this sample. Due to time constraints during the corresponding test-
beam campaign, it was only feasible to measure front-end variants Matrix 1-34 and Matrix 3.
Figure [7.13] shows the hit-detection efficiency projected onto a single pixel cell of LF-Monopix2
at 400 Mrad [TID] The applied bias voltage of 200V ensures full depletion of the sensitive
volume. The front-ends were tuned to a threshold of (1865 + 142) e~ in the case of Matrix 1-34
and (2123 £ 53)e™ in the case of Matrix 3. Both front-end variants show a mostly uniform
performance with a mean hit-detection efficiency above 99 %, although the efficiency drops
below 99 % in the pixel edges. The corresponding noise hit rates were below 1 x 10~ hits per
pixel per 25 ns, which implies a negligible contribution to the efficiency overestimation. Based
on the tuning results presented in Section at the final [TID] the other front-end variants
are expected to perform similarly well. Only Matrix 1-2 experienced a substantial increase in
threshold above 2800e~ (see Table . Accordingly, also a degradation in the hit-detection

efficiency is expected for this front-end.
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Figure 7.13: In-pixel efficiency of LF-Monopix2 after irradiation to 400 Mrad TID for (a) Matrix 1-34
and (b) Matrix 3. A bias voltage of 200V was supplied in both cases.

Since the injection capacitance was only recalibrated after 100 Mrad (see Section, it
is possible that this value changed with the continuation of the X-ray irradiation. Consequently,
the thresholds might be larger than the measured values, which would explain the observed
efficiency drop in the pixel corners. Another recalibration measurement after 400 Mrad could
confirm this assumption. Furthermore, an estimation of the in-time ratio after X-ray irradiation
is not possible. Due to surface damage, overflow of the leading- and trailing-edge counters cannot
be prevented since the feedback current could not be adjusted reliably anymore. Thus, the time-
over-threshold measurement, which is required for the estimation of the in-time ratio, is no longer
trustworthy. Despite these uncertainties, the performance of LF-Monopix2 after 400 Mrad [TID]
is very convincing considering that it is four times the targeted dose (see Section .

7.1.4 Conclusion

The performance of LF-Monopix2 after irradiation to the initial design targets of 1x 105 ne, cm =2
[NIET] fluence and 100 Mrad [TID] was proven. Furthermore, the successful operation of the chip
at irradiation levels beyond these design goals up to 5x10'° ney cm ™2 ﬂuence and 400 Mrad
[TID] has been verified. While a systematic increase in [ENC| with [NIEL] fluence was measured,
the scaling between proton and neutron irradiation was not in accordance to the hypoth-

esis. This is explained by the difference in ratio between point-like and clustered defects for

proton and neutron irradiation. Front-end variants equipped with the bidirectional tuning cir-
cuit were verified to maintain a better threshold dispersion at the cost of larger [ENC| Towards
the largest available [NIET] fluences, the differences in [ENC| performance decreased between the
two discriminator circuits, while the advantage in threshold dispersion remained. The same
behavior was observed after X-ray irradiation. The increased leakage currents after [NIEL] ir-
radiation complicated the tuning procedure of LF-Monopix2 at especially high bias voltages,
which required a growing amount of masked pixels with fluence. In the worst case across all
front-end variants, this lead to an increase of almost 37 % in threshold configuration at the
highest fluence.

The enhanced bias voltage capabilities of LF-Monopix2 compared to the predecessor facili-
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tate to reach full depletion of 100 pm thick samples after irradiation to 3 x 10'° neq cm =2
fluence. With increasing bias voltage, the larger noise hit rates confirmed the observation of
higher noise levels during the tuning procedure of the laboratory measurements. Consequently,
the implementation of a leakage current compensation circuit at the cost of additional power
consumption was identified as an effective improvement method for a possible further iteration.
Neutron-irradiated samples revealed a significantly higher noise hit rate and required larger bias
voltages to achieve full depletion, which posed another disagreement with the [NIET] hypothesis.
The aforementioned different likelihood of point-like and clustered defects between proton and
neutron irradiation causes distinctive changes in effective doping concentration, which is not
accurately described by the [NIEL] hypothesis. At the highest [NIET] fluence, hit-detection effi-
ciencies above 99 % were measured for all but one front-end variants. Estimation of the in-time
ratio of events within a 25 ns window verified the better timing performance of front-ends with
higher amplifier gain. These variants maintained an in-time ratio larger than 99 % across all
fluences. The degradation in efficiency was found to be more severe in pixel corners due to
charge sharing and longer drift distances. The respective in-time ratio confirmed this observa-
tion. The presented results validate a performance enhancement compared to the predecessor
LF-Monopix1 and verified the functionality of LF-Monopix2 after irradiation above the
initial design target. Across all available [NTEL] fluences, the front-end variant with the largest

gain was identified to experience the least degradation.

After X-ray irradiation up to 400 Mrad [TID] a decrease in power consumption of the digital
and analog matrix domains below 25 % of the original power was measured for the largest front-
end variant. Between 1 and 10 Mrad ionizing dose, a spike and subsequent rebound effect in
the digital power domain characteristic for NMOS devices of this technology feature size was
observed. The relative change in digital power consumption behaved uniformly for all front-end
variants independent of the matrix size, while the relative change in analog power consumption
scaled with the number of columns per variant. No degradation in the pre-amplifier gain was
detected up to an ionizing dose of 200 Mrad. In the case of the front-ends with larger gain, a
degradation in gain was identified to begin close to the maximum tested [TID] Adjustments to
the [DAC| reference current rendered an effective compensation of the received surface damage.
For all but one front-end variants, threshold configurations similar to the non-irradiated case
were achieved at 400 Mrad [TID] and after annealing. The very good hit-detection efficiencies
above 99.4 % measured for two matrices at this ionizing dose verified the functionality of LF-
Monopix2 after X-ray irradiation above the initial design target of 100 Mrad [TID}

The demonstrated radiation hardness of LF-Monopix2 up to 5 x 10 neq cm™2 fluence
and 400 Mrad [TID] in the scope of this thesis demonstrates the advancements of monolithic
pixel sensors in recent years. Although the confirmed radiation tolerance does not yet meet
the requirements of the harshest environment such as faced in the ATLAS inner layer (see
Table , it is on par with many (including current) hybrid detector solutions. The presented
results prove the feasibility of developing and employing [DMAPS] for high-radiation and high-
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Sample Fluence ) Particle energy Irradiation facility
/ Deqem™ and type
G 5 x 1014 14 MeV protons Bonn isochronous
cyclotron
H 1 % 1015 14 MeV protons Bonn isochronous
cyclotron

Table 7.6: Overview of available [NIELtirradiated TJ-Monopix2 samples. The received is assumed
to be negligible since all chips were not powered during the irradiation. Each sample was annealed for
80min at 60 °C after the irradiation.

rate environments in future high-energy physics applications.

7.2 Characterization of TJ-Monopix2

To evaluate the radiation tolerance of the TJ-Monopix2 [DMAPS] samples were irradiated sep-
arately up to 100 Mrad and 1 x 10 neq cm=2 fluence. The X-ray irradiation setup
introduced in Section is employed to inflict surface damage. To investigate bulk damage,
TJ-Monopix2 chips are irradiated with protons at the Bonn isochronous cyclotron [150]. Persis-
tent wire-bonding difficulties were faced for TJ-Monopix2, which remain unsolved at the time
of writing and limited the available number of modules for characterization. Consequently, the
chip could not be measured over the full range of fluences initially foreseen. Further-
more, only samples fabricated on an epitaxial layer and equipped with the n-gap modification
(see Section and Figure were irradiated in the scope of this thesis. Detailed studies
comparing the different materials and modifications types have already been performed with
the predecessor chip as well as the MALTA project [117} [152]. Bare TJ-Monopix2 samples
have been irradiated with neutrons to a fluence of 1.5 x 101 neq em=2 at the TRIGA Mark 11
research reactor in Ljubljana |151]. Due to the unsolved wire-bonding issues, they are yet to be
wire-bonded successfully and could not yet be tested. The two proton-irradiated TJ-Monopix2
samples characterized in the following are listed in Table Both samples were annealed for
80 min at 60 °C after the irradiation.

In Section [7.2.1] laboratory measurements of the [NIEL}Hrradiated TJ-Monopix2 samples are
discussed. In addition, a threshold fluctuation caused by the distribution of the time reference
clock is characterized based on non-irradiated chips. The change in performance due to X-ray

irradiation is discussed in Section [7.2.2]

7.2.1 Laboratory characterization

For the characterization after [NIEL] irradiation, only the DC-coupled front-end variants are
compared since they offer more pixels, and thus more data. The samples were annealed before all

measurements and cooled to —10 °C during the measurement procedure. Table [7.7] summarizes

106



7.2 Characterization of TJ-Monopix2

NIEL fluence Threshold ENC Leakage currentﬂ
/ Deq cm™? /e /e / nA

0 244 + 4 6+1 10

Standard 5 x 1014 318+6 1542 280
1 x 10 268 £ 6 15+2 480

0 230+ 7 6+1 10

Cascoded 5x 101 280+ 6 14+2 280
1 x 10 267 +£5 15+2 480

Table 7.7: Mean threshold, ENC, and leakage current after tuning for the DC-coupled front-end
variants implemented in TJ-Monopix2 (see Table and all available NIEL fluences. The leakage
current was measured while —6V was applied to the substrate and shielding p-wells. All irradiated
measurements are conducted at —10 °C and after annealing for 80 min at 60 °C.

the change in mean threshold, [ENC] and leakage current with increasing [NIEIL] fluence. As
for LF-Monopix2, the uncertainties are based on the threshold dispersion and the width of the
[ENC] distribution, respectively. As discussed in Section [5.2} one of the main improvements of
TJ-Monopix2 is the reduction in by mitigating the tail towards larger values above 10e™
before irradiation [28].

While for both front-end variants the mean [ENC] increases by more than a factor of two
after irradiation to 5 x 10 ne, cm ™2 fluence, the absolute value remains below 20e™.
This degradation is explained by the large increase in leakage current of more than 200 pA
due to bulk damage (see Section and a corresponding rise in shot noise. Irradiation to
1 x 10 ngq cm™2 fluence did not yield further degradation in the mean although
the leakage current continued to grow. This observation is not yet fully understood, but it
is assumed that adjustments to the chip configuration depending on radiation level explain
the behavior. The largest rise with regard to the threshold is observed after irradiation to
5 x 10 neq cm™2 fluence. An increase of roughly 30 % and 22 % was measured for the standard
and cascoded front-end, respectively. However, at this fluence the cascoded front-end suffered
from very noisy pixels, which required masking a total of 1.3% of pixels to render the chip
operational. All other measurements required masking of less than 0.1 % of pixels. For the
higher fluence, the threshold increased only by about 10 % and 16 % for the two front-end
variants, respectively, compared to the non-irradiated results.

Figure shows the normalized threshold distribution for both DC-coupled front-end vari-
ants of TJ-Monopix2 at all available fluences. ~ While the fitted threshold dispersion
did not degrade substantially after irradiation, the threshold is no longer Gaussian distributed

towards the outer edges. The limited variable range of the register controlling the local tuning

3The non-irradiated results were measured at room temperature and scaled to —10°C using Equation (8.62)
in |7] for better comparison.
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Figure 7.14: Normalized threshold distribution of the DC-coupled TJ-Monopix2 (a) standard and
(b) cascoded front-end variants at different NIEL fluences.

step size and the limited 3-bit local tuning [DAC]| cannot compensate the greater variations be-
tween pixels due to radiation damage. Even before irradiation, the former is already operated
close to the maximum capacity. Outliers towards smaller thresholds limit the lowest achievable
threshold, as these pixels reach the noise limit sooner and begin to detect noise hits continuously.
Increasing the dynamic range of the respective register would provide a more uniform threshold
performance and, possibly, a lower mean threshold also after irradiation. Although the mea-
sured [ENC]| is the same for both [NIEL] fluences, fewer outlier pixels with very low threshold
after irradiation to 1 x 10'® noq cm™2 fluence facilitate tuning the chip to lower thresholds. This
is particularly noticeable for the standard front-end in Figure For the cascoded front-end
at 5 x 104 Neg cm ™2 fluence, the distribution is skewed by the neglected 1.3 % masked
pixels. These noisy pixels have lower thresholds with respect to the distribution and discarding
them causes the observed asymmetry in the outliers. At all fluences, the measured thresholds
pose a significant performance increase compared to values between 400 and 500e~ achieved
with the predecessor TJ-Monopix1 before and after irradiation .

Threshold fluctuation

Laboratory measurements verified an improved performance of TJ-Monopix2 before and after
irradiation in threshold and compared to its predecessor . However, periodic fluc-
tuations in threshold were observed during the characterization even for non-irradiated chips.
Extensive investigations revealed that the threshold varies with the arrival time of a hit
relative to the leading- and trailing-edge counter, in the following referred to as BCID counter.
As described in Section [5.2] the corresponding 40 MHz sampling rate, in the following referred
to as BCID clock, is derived on chip from the 160 MHz command clock. Utilizing the phase-

adjustable injection circuit, the time of injection can be fixed to a chosen phase relative to
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Figure 7.15: Threshold fluctuation with respect to the relative arrival time of a hit observed in
TJ-Monopix2 (a) with and (b) without BCID clock distribution across the matrix. Each data point
corresponds to a threshold scan of a single pixel at a fixed arrival time. The fluctuation was measured
for O(30000) pixels across half of the available 7bit counter length. Red dots indicate the mean
threshold of all enabled pixels. The relative arrival time is calculated from the mean leading edge of
the respective threshold scan. Without the distribution of the BCID clock the threshold fluctuations
disappears entirely. Since in this case no leading edge is recorded by the chip, the same parameterization
of (a) is used for (b).

resetting of the BCID counter. Figure shows the periodic threshold fluctuation relative to
a fixed arrival time across half of the available 7-bit BCID counter in TJ-Monopix2. For this
measurement, the phase between counter reset and injection was fixed for and shifted between
each individual threshold scan. In total, O(30000) pixels were measured. The mean threshold
per fixed phase is visualized in red. The maximum mean threshold deviation of about 100e™
across the full counter resolution exceeds the initial threshold dispersion of 4e~ after tuning
by orders of magnitude. No significant correlation between pixel position on the chip and im-
pact on the amplitude of the fluctuation is observed. The corresponding map of each pixel’s
maximum threshold difference across the full counter is displayed in Figure [7.16a Studies after

irradiation showed no change in amplitude or pattern of the fluctuation.

Additional tests revealed that the fluctuation is introduced by cross-talk from the BCID
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Figure 7.16: (a) Map of the maximum threshold difference across the 7-bit counter period while the
BCID clock was distributed to the entire matrix. Only every fourth pixel is enabled to minimize the
scan duration while maintaining reasonable data set. A slight gradient towards the top of the chip is
visible, although the maximum change remains in the order of 100e™. No significant other correlations
between fluctuation and relative position within the matrix were identified across multiple chips. (b)
The scaling of the maximum threshold difference with the number of enabled BCID clock columns is
averaged over all O(30000) enabled pixels. The maximum threshold fluctuation can be substantially
attenuated by decreasing the number of columns to which the BCID clock is distributed. As shown in
Figure no threshold fluctuation is observed in case the BCID clock is not distributed at all.

counter, which is distributed across the matrix. Figure shows the same measurement
when disabling the BCID clock, where the threshold remains constant across all hit arrival
times. Since leading-edge information is no longer available in this case, the same parameter-
ization between injection phase and relative hit-arrival time as before is used. Furthermore,
the correlation of the amount of columns, to which the BCID counter is distributed, and the
fluctuation amplitude was analyzed. Figure [7.16b] depicts the measured linear increase of the
maximum threshold difference across the 7-bit counter period for more columns to which the
BCID counter is distributed. Measuring different pixel positions relative to a group of enabled
BCID columns verified that pixels in columns with disabled BCID clock distribution are equally
impacted. No modification in the fluctuation amplitude with increasing distance between pixel
and enabled BCID columns was observed. This confirms that the periodic threshold fluctuation
is a global effect across the entire chip without any local dependency.

Slowing down the BCID clock by reducing the command clock frequency alters the pattern
of the threshold fluctuation. The change in fluctuation pattern for a BCID clock range from
40 to 5MHz is shown in Figure [7.17] for an exemplary pixel. Further reduction of the clock
frequencies is not possible since the chip no longer functions properly at lower command clock
speeds and complex scan procedures cannot be performed. In this case, the mean hit arrival
time is given as the leading-edge information which remains equal across all clock frequencies.
In addition, the leading edge is depicted in form of the gray-encoded BCID counter setting to
highlight the toggling of individual bits. It must be noted that the absolute time axis changes for
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Figure 7.17: Dependency of the threshold fluctuations in TJ-Monopix2 on the frequency of the clock,
which is distributed across the matrix, shown for an exemplary pixel. The mean hit arrival time is
shown below in form of the gray-encoded counter bit setting corresponding to the respective leading
edge. It has to be considered that a slower clock effectively changes the absolute time axis of each
subplot. For higher clock frequencies, the distortions generated by the toggling of individual counter
bits overlap and create the initially observed periodic pattern.

111



7 Characterization of the Monopix2 DMAPS

320
I Cz without Cz with
—_ Ep|2?X|al —— backside backside
Y processing processing
300
| 280 A
9]
i)
o
G
¢ 260 A
<
[= QA / f
240 A \/\
220 1 \/
0 100 200 300 400 500 600

Relative time of arrival / ns

Figure 7.18: Dependency of the threshold fluctuations in TJ-Monopix2 on the wafer material shown
for an exemplary pixel. While no significant difference is observed between chips fabricated on 30 pm
epitaxial layers or 100—-300 pm Czochralski wafers, the backside processing of the Czochralski wafer
reduces the fluctuation amplitude noticeably. This indicates that the distortions from individual bit
toggles couple into the non-depleted backside of the chip where it spreads globally. Fixing the backside
potential (by adding backside metallization) restricts this coupling.

each subplot according to the different bit toggling frequencies. For smaller BCID clock speeds,
it becomes noticeable that each bit toggle causes a distortion in threshold irrespective of the
specific counter bit. This gets even more prominent when investigating the analog front-end
signals on an oscilloscope at an even lower BCID clock frequency of 1.25 MH2E| (see Figure .
In this case, it is possible to assign distortions based on their shapes to separate counter bits.
The amplitude of each individual distortion is significantly lower than the initial magnitude of
more than 100e~. These separately generated distortions overlay for faster BCID clock speeds
creating the initially observed periodic pattern and extent of the fluctuation.

Subsequent studies focused on the impact of the fabrication material on the threshold fluc-
tuation. Here, chips fabricated on a 30 pm epitaxial layer and 100 pm or 300 pm Czochralski
wafers were tested. For the latter, chips with and without backside processing are available.
The dependency between threshold fluctuation and fabrication material is shown in Figure [7.18]
for one exemplary pixel per chip. Only minor differences in pattern and amplitude are observed
between chips fabricated on epitaxial layers and Czochralski wafers without backside processing.
However, backside processing and metallization of the Czochralski wafer reduces the fluctua-
tion amplitude by a factor of two. This result suggests that the cross-talk originating from

the BCID counter bit toggling couples from the chip periphery into the non-depleted backside

4 At such low clock frequencies, it was no longer feasible to run complex scan procedures with TJ-Monopix2.
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Figure 7.19: Impairments caused by the threshold fluctuations observed for non-injection-based mea-
surements without control over the hit arrival time. (a) The relative hit arrival time distribution
measured in a beam test shows the same periodic pattern as observed in the threshold fluctuation of
Figure Thus, the fluctuations are no artifact introduced by the injection circuit but affect the
actual threshold of a pixel. (b) The comparison of a threshold scan with and without a fixed timing
relation between injection and BCID counter reset were measured with the same chip and identical
front-end settings. It highlights the difference between the injection-based measurements at optimal
laboratory conditions and the effective threshold that is present on average during source or test-beam
measurements.

of the chip. The distortion couples globally into all pixels of the chip from there. Backside
metallization allows to fix the potential to either ground or the substrate voltage, which allows
for restricting the cross-talk coupling into the backside. A schematic illustration of the coupling
path is shown in Figure for a chip manufactured on an epitaxial layer and a Czochralski
wafer with backside processing. Without metallization, the oxidation of silicon in air passivates
the backside and prevents a conductive contact. Due to the low-ohmic substrate wafer needed
for chips fabricated on epitaxial layers, backside metallization is only effective for Czochralski
wafers. Thus, TJ-Monopix2 chips fabricated on epitaxial layers were not backside metallized

and the respective impact on the threshold fluctuation cannot be studied here.

While the threshold fluctuation can be bypassed in injection based measurements, the cross-
talk is unavoidable in source or beam tests with relevant timing information. For injection-based
scans, the BCID counter is reset before every injection and a fixed injection-phase corresponding
to a local minimum in Figure[7.I5a]is set. This workaround is applied for all threshold and [ENC]
measurements presented in this thesis. However, particle-induced signals arrive at randomly
distributed times relative to the BCID counter. Consequently, the hits are discriminated against
an arrival-time-dependent threshold. Figure[7.19a]shows the hit arrival time relative to the BCID
counter measured in a beam test. In contrast to the expected uniform distribution, the same
periodic pattern as seen in the threshold fluctuation can be identified. In the non-irradiated
case, the charge generated by a traversing is around 2500e~ for 30 pm epitaxial

113



7 Characterization of the Monopix2 DMAPS

layers and around 3000 e~ for Czochralski wafers |28| [154]. Consequently, each pixel collects as
few as 650 e~ in the event where the generated charge is shared equally among four neighboring
pixels. Typical front-end settings operate at thresholds in the range of 200 to 300e~, not
including the unexpected threshold fluctuation of more than 100e~. Especially in combination
with degraded charge collection efficiencies, the magnitude of this threshold fluctuation can
degrade the performance after irradiation to high fluences larger than 1 x 10'° Neg cm™2. In case
the charge is unevenly distributed across a cluster, Figure indicates that the threshold
fluctuation causes a loss of hits as part of a cluster even before irradiation. Despite this, studies
of non-irradiated TJ-Monopix2 chips confirmed an excellent hit-detection efficiency due to the
very low threshold [28]. It needs to be emphasized that only individual hits within a cluster
may stay undetected but not the entire event.

Furthermore, the beam tests verified that the threshold fluctuation is not an artifact of the
injection circuit and affects non-injection-based data taking. On average, the effective threshold
seen by particles differs from the injection-based, tuned one as visualized in Figure Here,
the effective threshold was measured without a fixed injection phase imitating random hit arrival
times relative to the BCID counter. The same chip with identical front-end settings was used.
An increase in both mean threshold and threshold dispersion is observed for the latter. Since
the successor chip of TJ-Monopix2 will consist of almost 900 columns to which the BCID clock is
distributed, the extent of the fluctuations will only increase (see Figure . Thus, a change
in design of the clock distribution across the matrix is required to reduce this cross-talk and
not risk a performance loss. This is realized by implementing low-voltage BCID drivers that
minimize the cross-talk per bit toggle as shown by simulations. In addition, this adjustment

will also reduce the power consumption of the chip.

7.2.2 X-ray irradiation of TJ-Monopix2

TJ-Monopix2 was irradiated to 100 Mrad [TID]at the X-ray irradiation setup introduced in Sec-
tion [6.1} Similar to the procedure of LF-Monopix2, the campaign was split into 16 irradiation
steps logarithmically distributed across the [TID|range. After each irradiation step, a standard-
ized short-term annealing and measurement routine was performed (see Section . Upon
reaching the final ionizing dose, the sample was annealed for 80 min at 60°C to replicate the
post-irradiation procedure of [NIE[}irradiated chips. The chip was cooled to 0°C during the
entire irradiation campaign and the subsequent measurements.

The power consumption of all low-voltage power domains was measured after each irradiation
step to evaluate the respective susceptibility to surface damage. In the case of TJ-Monopix2, four
low voltages (nominally set to 1.8 V) are supplied to the digital and analog readout electronics
as well as to the chip periphery and [DAC] registers. Figure [7.20] shows the change in power
consumption for each domain up to 100 Mrad [TID] The chip periphery draws the most power,
which is primarily required for the distribution of the 40 MHz clock across the matrix [28]. Both
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Figure 7.20: Power consumption of the different low-voltage power domains supplied to T'J-Monopix2
at different ionizing doses. The entire pixel matrix and reference clock distribution to all columns were
enabled for this measurement.

the digital power domain and the periphery exhibit an increase in power consumption between
1 Mrad and 10 Mrad. As described in Section[4.2.3] this is characteristic for NMOS transistors of
the used technology feature size, which was also observed for LF-Monopix2 (see Section .
The largest relative increase is measured for the digital power domain as the power consumption
quadruples between 2.5 Mrad and 7.5 Mrad. The biggest absolute contributor remains the chip’s
periphery at all times. No substantial changes in power consumption are observed for the analog
and [DAC| power domains during the entire irradiation. For ionizing doses larger than 10 Mrad,
the power consumption reduces again, and the rebound effect described in Section is
observed . Up to the maximum ionizing dose, the combined power consumption of all
power domains remains around 7 % higher than before irradiation.

To estimate the effect of the received surface damage on the detector performance, a threshold
configuration specified for the non-irradiated chip is re-measured after each irradiation step. As
discussed in Section this analysis is only of qualitative nature since the time-consuming
optimization of front-end parameters to counteract the radiation damage is only done after the
entire irradiation campaign. In this case, also no re-tuning of the threshold configuration is
done after each irradiation step. Figure visualizes the results for both DC-coupled front-
end variants, which follow the same pattern. The error bars on the threshold are defined by
the respective threshold dispersion. Apart from a large fluctuation at 2.5 Mrad ionizing dose,
a continuous degradation with increasing [TID] is observed. The measurement step, at which
the fluctuation occurred, is equivalent to the ionizing dose, at which the power consumption
spikes the highest (see Figure . Thus, both results support the conclusion that the effects
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Figure 7.21: (a) Re-measured threshold of the initially tuned configuration before the campaign and
(b) baseline of the analog monitoring pixels after each irradiation step. The former is only measured
for the DC-coupled front-end variants. The analog monitoring data included the AC-coupled cascoded
circuit and shows the output signal baseline of the pre-amplifier. Matching the change in power con-
sumption (see Figure , the re-measured threshold observed the worst degradation between 5 to
10 Mrad. The drop in the baseline of the analog output signal of the pre-amplifier confirms that the
degradation occurs in the analog front-end electronics.

of surface damage are most severe around this ionizing dose. To identify which circuit of the
front-end is most affected, the response of the analog monitoring pixels to injected charge is
sampled with an oscilloscope. Figure [7.2ID] shows the analog output signal baseline behind the
pre-amplifier stage for both DC-coupled variants and the cascoded AC-coupled front-end. The
stated uncertainties are given by the resolution of the oscilloscope settings. Starting at 1 Mrad
[TID] the signal baseline of all front-end variants begins to decrease. Similar to the previous
observations, the largest degradation to below 40 % of the initial baseline is observed between
1 Mrad and 5 Mrad [TID] For increasing ionizing doses, the baseline recovers. However, the initial
baseline is only reached in the case of the AC-coupled front-end variant. For the DC-coupled
front-ends, the baseline only rebounds to 70 % and 80 % of the initial value for the cascoded
and standard version, respectively. A similar behavior was observed for gain measurements
with the predecessor TJ-Monopix1 [127]. This also matches the larger degradation in the re-
measured threshold configuration with the DC-coupled cascoded front-end at the maximum
[TID] The prominent drop of the analog signal baseline at the pre-amplifier output implies that
the pre-amplifier circuit is particularly susceptible to surface damage.

Upon completion of the irradiation to 100 Mrad and annealing of the TJ-Monopix2 sample,
optimizations of the front-end settings to counteract the radiation damage were investigated.
An increase of the bias current of the pre-amplifier input transistor by 80 % restores most of
its degraded performance after irradiation. Table [7.8] compares the measured mean threshold
and [ENC| at 0 Mrad and 100 Mrad after re-tuning of the threshold configuration. Again, the
threshold dispersion and the width of the distribution are used to quantify the uncertain-
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Front-end [TID[/ Mrad Threshold / e~ ENC /e~

Standard i e T

be 0 227+ 5 6+1
Cascoded

100 275+ 6 1342

Cascoded |~ i TS

AC 0 291 £7 6+1
Standard

100 244 + 6 11+2

Table 7.8: Mean threshold and ENC results after tuning for each front-end variant implemented in
TJ-Monopix2 (see Table after X-ray irradiation to 100 Mrad TID. All measurements are conducted
at 0°C and after annealing of 80 min at 60 °C.

ties, respectively. For all front-end variants, an increase in between 66.6 % and 116.6 %
after the irradiation is observed. Due to the very small [ENC]| of non-irradiated T.J-Monopix2,
the absolute increase remains small. In contrast to LF-Monopix2, no degradation in threshold
dispersion and, thus, the tuning circuit is observed for TJ-Monopix2. Despite the good perfor-
mance in and threshold dispersion at 100 Mrad the threshold increased by 7.9 % and
21.1 % for the DC-coupled front-ends. In the case of the AC-coupled front-end variants, similar
or even better threshold configurations were achieve A recalibration of the injection circuit
after irradiation to 100 Mrad confirmed no alteration. This was expected due to the implemen-
tation of the test injection circuit based on two separate voltage registers (see Section that

experience a similar degradation.

7.2.3 Beam test results of TJ-Monopix2

In this section, the performance of irradiated TJ-Monopix2 chips in beam tests is discussed. A
focus is put on maintaining the excellent hit-detection efficiency evaluated for non-irradiated
modules [28]. Based on the results, the radiation tolerance of TJ-Monopix2 up to the tested
fluences and ionizing doses is assessed. The measurement campaigns were performed at the
DESY test-beam facility |[138]. Utilizing the portable cooling setup introduced in Section
[NIEL}irradiated samples were cooled to —10°C while the X-ray-irradiated sample was cooled

to 0°C to reduce the increased leakage current after irradiation.

Hit-detection efficiency after NIEL irradiation

After [NIET] irradiation, the change in effective doping concentration and, therefore, resistivity

of the sensitive volume facilitates to apply larger depletion voltages to the substrate without

51t must be emphasized that the initial tuning configuration was not chosen close to the noise limit. Thus, this
improvement is not entirely unexpected.
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Figure 7.22: (a) Hit-detection efficiency and (b) leakage current versus substrate voltage of DC-
coupled TJ-Monopix2 front-end variants at different NIEL fluences. The latter is only shown for
1 x 10*® neq cm ™2 NIEL fluence. The drop in efficiency towards higher substrate voltages is caused by
a change in leakage current path from substrate (PSUB) to the electronics shielding p-well (PWELL).
This yields a change in the working point at the amplifier input node and, thus, a change (in this case
an increase) in threshold.

experiencing punch-through effects to the shielding p-well. Figure shows the hit-detection
efficiency of the DC-coupled front-end variants for increasing substrate voltages after [NIEL]
irradiation. As discussed in Section the 5 x 10 ngq cm ™2 fluence sample required
masking of around 1.3 % of pixels for the DC-coupled cascoded front-end, which are neglected
in this analysis. At the nominal bias voltage of —6V, the hit-detection efficiency drops below
97 % after irradiation to 5 x 10* neq cm =2 fluence. Before irradiation, the DC-coupled front-end
variants detected more than 99.9 % for the given n-gap modification and epitaxial layer [28].
After irradiation, the increase of the depletion voltage applied to the substrate counteracts the
performance degradation due to bulk damage. The p-wells for shielding the electronics are kept
at —6V. At 5 x 10 neq cm—2 fluence, —7V biasing voltage are sufficient to recover the
hit-detection efficiency to above 99.5 % for both front-ends. After irradiation to 1x10° neq cm=2
fluence, a substrate voltage of —9V is required to achieve efficiencies close to 99.5%. For
further increases of the biasing voltage, a decrease in the hit-detection efficiency is observed. It
is particularly noticeable for the sample with the higher [NTIET] fluence and substrate voltages
above —20V. At this point, the efficiency dropped below 99 % for both front-end variants again.
The same pattern was observed for MALTA2 sampleﬂ irradiated to the same fluence |155]. This
degradation is explained by a shift in the mean threshold of the chip towards larger values caused
by the change in biasing conditions. Figure[7.22D]visualizes the leakage current measured in the
substrate and the shielding p-wells for different substrate voltages at 1 x 10'° ng cm =2

SMATLA2 is the second iteration of a large scale[DMAPS|designed by the MALTA project and equipped with
the same pixel layout as TJ-Monopix2 (see Section [5.2]).
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Front-end Fluence Hit-detection Noise hit rate Substrate
/ Deqcm ™2 efficiency / 25ns~ ' pixel ! voltage / V

0 99.96 % <1x10713 —6

Std. 5 x 101 99.65 % 2.67 x 10712 -8

DO 1 x 1015 99.60 % 6.25 x 10713 -11

0 99.94 % <1x10713 —6

Casc. 5 x 10 99.76 % 5.69 x 10711 -8

1 x 10 99.45 % 9.47 x 10712 -9

Table 7.9: Hit-detection efficiency of the DC-coupled front-end variants of TJ-Monopix2 at all available
NIEL fluences. The listed noise hit rates are calculated per number of enabled pixels. Similar to LF-
Monopix2, the uncertainty on the evaluated hit-detection efficiencies is dominated by a systematic
uncertainty of 0.05% (see Section . All measurements after irradiation are conducted at —10°C
and after annealing of 80 min at 60 °C. The non-irradiated values are taken from [28].

fluence. Upon reaching —15V depletion voltage, the leakage current flow begins to change from
substrate to shielding p-well. At —26 V substrate voltage, more leakage current is measured in
the p-well domain than in the substrate. This additional leakage current within the shielding
p-well alters the operating points within the in-pixel readout electronics, which in return shifts
the threshold of the chip. Furthermore, the change of dominant leakage current path through
the p-well above —25V depletion voltage indicates that the bias setting is close to sustaining a

punch through from substrate to p-well.

The hit-detection efficiency and noise hit rate at different [NIEL] fluences are compared in
Table for both DC-coupled front-end variants at the best bias settings, respectively. The
corresponding threshold configurations are listed in Table [777] Since the noise hit rates of all
measurements are low enough to disregard an overestimation of the efficiency [28], a dominant
systematic uncertainty of 0.05 % as discussed in Section [6.2.2]is assumed. Up to aﬂuence
of 1 x 10 Neg cm ™2, both front-end variants maintain a very good hit-detection efficiency larger
than 99.4 % and no significant difference in performance is observed. In the case of the cascoded
front-end at 5 x 10 n.qcm™2 fluence, the large number of masked pixels was disregarded
again. Taking these pixels into account in the test-beam analysis tool reduced the hit-detection
efficiency to (98.70 £ 0.05) % for this data point. While the efficiency drops below 99 %, this is
still a good result considering that around 1.3 % of pixels were disabled. The small pixel pitch
facilitates charge sharing between pixels, which compensates disabled pixels to a certain extent.
In this case, more than 17 % of all events had a cluster size of at least two, which corresponds

to a mean cluster size of 1.28.

For the standard front-end, no degradation within the error margin is observed between
the irradiation from 5 x 104 to 1 x 10%° Neg cm~2 [NIEL| fluence. This is explained by the
higher threshold configuration at the lower fluence (see Table . The measured efficiencies
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7 Characterization of the Monopix2 DMAPS

after proton irradiation to 1 x 101° Neq cm~2 fluence pose a significant improvement over the
predecessor. For the same sample type (n-gap modification fabricated on epitaxial layer) of TJ-
Monopix1, hit-detection efficiencies slightly above 87 % were measured after neutron irradiation
to the same fluence (28| |117]. For the extra deep p-well modification fabricated on Czochralski
substrate, the efficiency measured with TJ-Monopix1 increases to above 98 % at the same
fluence. The primary reason for this improvement in TJ-Monopix2 is the reduction of the [ENC]|
as described in Section [5.2] which facilitates tuning of the chip to considerably lower thresholds.
The irradiated TJ-Monopix1 samples were tuned to thresholds around 450 to 500 e~ compared to
thresholds around 270 e~ for TJ-Monopix2. However, scaling does not apply with respect
to such complex measurements, as observed for LF-Monopix2 (see Section . Still, it can
be assumed that TJ-Monopix2 performs better due to the discussed improvements in threshold
performance. Once the available neutron-irradiated samples will be successfully assembled, this

assumption will need to be confirmed.

Furthermore, Table [7.9] shows that the cascoded front-end variant is more prone to noise.
The largest noise hit rate was measured for the cascoded front-end after irradiation to 5 x
10" neg cm™2 ﬂuence, which is in alignment with the difficulties during tuning encountered
for this sample. For the standard front-end variation, the observed noise hit rate was also
higher at the lower [NIET] fluence. The reason for this is assumed to be chip-to-chip variations,
but cannot be confirmed due to the shortage in successfully assembled TJ-Monopix2 samples.
Despite the increase, the noise hit rates remain sufficiently low to not affect the overestimation

of the efficiency, according to the analysis in [2§].

In the case of TJ-Monopix2, the hit-detection efficiency within a pixel cell is evaluated by
projecting the combined data of all enabled pixels onto a 2 x 2 pixel matrix. This format is
chosen to investigate deviations corresponding to the 2 x 2 core pixel layout of TJ-Monopix2
(see Section . Figures and show the hit-detection efficiency after irradiation
projected onto such a core pixel for the standard and cascoded DC-coupled front-ends, respec-
tively. Already at 5 x 1014 ngq cm =2 fluence, a slight degradation in efficiency towards the
pixel corners is visible, although it remains above 99 % for both front-end variants. After irra-
diation to 1 x 10 ngq cm™2 fluence, the hit-detection efficiency drops below 99 % in this
region. The long drift distances combined with the increased probability of charge trapping due
to bulk damage (see Section cause this degradation. Due to the small-collection-electrode
design, the effect is more prominent compared to LF-Monopix2, which maintained a better hit-
detection efficiency in the pixel corner region at this fluence (see Section . At the larger
fluence, a marginal asymmetry in the performance of laterally and vertically neighboring pixels
(with respect to the orientation of the figure) is also measured. This was already observed for

TJ-Monopix1 28] and is explained by corresponding asymmetries in the core pixel layout [126].

120



7.2 Characterization of TJ-Monopix2

100.0 100.0
60 60
50 1 97.5 501 97.5
g 401 = g 401 =
3 g = z
~ 99.77% 99.00% 95.0 q!:, ~ 99.58% 98.92% 95.0 qC)
§ 301 S 307 S
£ £
w w
201 201
99.79% 99.70% 92.5 99.77% 99.71% 92.5
101 104
0 . _ . . L ! 90.0 0 y y . _ . y 90.0
0 10 20 30 40 50 60 0 10 20 30 40 50 60

column / um column / pm

(a) €nean = 99.65% at Qe = (318 £ 6) e . (b) €nean = 99.60 % at Quny = (268 £ 6) e
Figure 7.23: Hit-detection efficiency of the DC-coupled TJ-Monopix2 standard front-end variant after

NIEL irradiation to (a) 5 x 10** and (b) 1 x 10'® neq cm ™2 [NIEL| fluence. The data is projected onto a
2 x 2 pixel matrix to investigate the in-pixel response.
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Figure 7.24: Hit-detection efficiency of the DC-coupled TJ-Monopix2 cascoded front-end variant after

irradiation to (a) 5 x 10** and (b) 1 x 10*® neq cm ™2 [NIEL| fluence. The data is projected onto a 2 x 2
pixel matrix to investigate the in-pixel response.

121



7 Characterization of the Monopix2 DMAPS

100.0 100.0
60 60
50 97.5 50 97.5
° °
g 407 2 e 407 &
3 > 3 >
- 99.92% 99.96% 95.0 § -~ 99.65% 99.86% 95.0 é
% 301 s, g 301 3
o = = &=
w w
201 20
99.95% 99.93% 92.5 99.76% 99.75% 92.5
101 10
0 T r r " T T 90.0 0 T : r r - - 90.0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
column / um column / um
(a) ehmifan =99.94% at Qinr = (245 +6)e™. (b) ehmifa" =99.74% at Qenr = (275 £ 6)e™.

Figure 7.25: Hit-detection efficiency of the (a) standard and (b) cascoded DC-coupled TJ-Monopix2
front-end variants after irradiation to 100 Mrad TID projected onto a 2 x 2 pixel matrix.

Hit-detection efficiency after X-ray irradiation

Investigations of the X-ray-irradiated TJ-Monopix2 sample in beam conditions were conducted
at the DESY test-beam facility. Utilizing the portable cooling setup described in Section [6.2.1]
the chip was cooled to 0°C throughout the whole measurement. Since no bulk damage is
expected from X-ray irradiation, the hit-detection efficiency is investigated for the same biasing
conditions as in the non-irradiated case. Figure shows the hit-detection efficiency of both
DC-coupled front-end variants after irradiation to 100 Mrad [TID] at a bias voltage of —6V.
The front-ends were tuned to a threshold of (331 £ 50) e~ and (347 + 52) e~ for the standard
and cascoded versions, respectively. In both cases, homogeneous hit-detection efficiencies larger
than 99.7% across the 2 x 2 pixel core were measured. For the AC-coupled standard and
cascoded variations, mean hit-detection efficiencies of (99.95 + 0.05) % and (99.90 + 0.05) %
were derived at thresholds of (240 £ 36) e~ and (279 £ 42) e, respectively. The corresponding
noise hit rates below 1 x 107! per pixel per 25ns for all measurements imply a negligible
overestimation of the efficiency. These results verify the functionality of TJ-Monopix2 up to
a [TID] of 100 Mrad and indicate a substantially higher X-ray radiation tolerance. The latter
would need to be investigated in a separate irradiation campaign. However, the confirmed X-ray
radiation tolerance up to 100 Mrad of T'J-Monopix2 would sufficient for operation in the Belle 1T
VTX environment (see Table , which the successor chip will face.

7.2.4 Conclusion

The radiation tolerance of TJ-Monopix2 was verified up to the design targets of 1x10'° noq cm =2
[NTET] fluence and 100 Mrad total ionizing dose. The [ENC|was measured to increase by a factor
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7.2 Characterization of TJ-Monopix2

of 2.5 after irradiation to 1 x 10'° Neg cm~2 fluence. An absolute value below 20e~ was
maintained due to the very low [ENC] before irradiation. For the DC-coupled front-end variants,
an increase in threshold up to 30 % was observed at a fluence of 5 x 101 neq cm=2. After
irradiation to 1 x 10! ng, cm™2 fluence, the degradation in the threshold was reduced to
16 % or less compared to the non-irradiated case. Higher noise hit rates for the sample, which

2, were identified as the cause for this unexpected

received the lower fluence of 5 x 1014 Neg CM ™
behavior. While the quantified threshold dispersion remained constant across all[NIEL] fluences,
deviations from the Gaussian threshold distribution towards both tails were noticed. For the
lower [NTET] fluence, pixels corresponding to the outliers towards lower thresholds prevent further
reduction of the mean threshold. Investigations showed that the available dynamic range of
the local tuning circuit is insufficient to maintain the Gaussian threshold distribution after

irradiation.

For non-irradiated TJ-Monopix2 chips, the distribution of the time reference (BCID) clock
across the matrix and the corresponding bit toggling of the BCID counters were identified as the
origin of a periodic threshold fluctuation relative to the arrival time of a hit. The extent of the
threshold variation was established to scale with the amount of columns, which receive the time
reference clock, and showed no spatial dependency to a relative pixel position. In case the clock
is distributed across the entire matrix, a maximum threshold variation of around 100e~ was
quantified. Reduction of the clock frequency stretched out the periodic pattern, which allowed
to assign individual bit toggles of the BCID counter to distinguishable cross-talk signals. Studies
on the dependency of the fabrication material suggested that the cross-talk propagates through
the non-depleted backside of the chip. Backside metallization of chips fabricated on Czochralski
substrate was found to mitigate the extent of the threshold fluctuation by a factor of two. A
workaround of fixing the relative arrival time for injection-based measurements was successfully
examined. Analysis of test-beam data confirmed that the threshold fluctuation is no artifact

introduced by the injection circuit.

TJ-Monopix2 maintained a very good hit-detection efficiency after [NIET] irradiation up to
1 x 10 ngq em=2 fluence. Across both available fluences, efficiencies larger than
99.4 % were measured for the DC-coupled front-end variants at the optimal bias settings. This
improvement compared to the predecessor was confirmed to result from the enhancement in
threshold performance by more than 200e~. A notably high noise hit rate of the cascoded DC-
coupled front-end of the TJ-Monopix2 sample irradiated to 5 x 10 neq cm=2 fluence required
masking of more than 1% of the total pixels. It was verified that an increased depletion voltage
at the p-type substrate compensates the charge collection degradation due to bulk damage. The
observed performance decrease for substrate voltages above —20 V was explained by the shift in
leakage current through the shielding p-wells. This change in current flow altered the operating
point of the in-pixel electronics and caused a shift in the mean threshold. Due to the long drift
distances of charges created in the pixel corners to the small collection electrode, this in-pixel
region was identified as most susceptible to bulk damage. At 1 x 10'° nyq cm=2 fluence,
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7 Characterization of the Monopix2 DMAPS

the hit-detection efficiency in the pixel corners remained close to or above 99 % for both tested
front-end variants.

TJ-Monopix2 displayed full functionality during and after X-ray irradiation to 100 Mrad [TID]
The characteristic spike and rebound effect in power consumption for NMOS devices in this tech-
nology feature size was observed between 1 and 10 Mrad ionizing dose for the peripheral and
digital power domain. The peripheral domain was verified as biggest contributor to the overall
power consumption across all ionizing doses. At 100 Mrad an increase of 7% in the total
power consumption was measured. The change in performance of a threshold configuration
tuned before irradiation was used to estimate the degradation with surface damage. The front-
end electronics were most affected at 2.5 Mrad ionizing dose. Studies of the analog pre-amplifier
signal confirmed that the pre-amplifier is particularly susceptible to surface damage. The base-
line of the pre-amplifier output was measured to drop below 40 % throughout the irradiation
campaign and only recovers fully for the AC-coupled front-ends. Increasing the bias current of
the pre-amplifier input transistor was identified as an effective compensation method for the
received surface damage. After irradiation to 100 Mrad [TID] and annealing, all front-end vari-
ants remained configurable to thresholds below 300 e~ and maintained values below 15e™.
Beam-test measurements confirmed a very good hit-detection efficiency larger than 99.7 % for
all front-end variants at the maximum ionizing dose.

Due to the chip assembly difficulties, the absolute limits of the radiation tolerance of TJ-
Monopix2 could not be tested. For the same reason, studies on performance differences between
various fabrication materials, modification types, and doping concentrations after irradiation
remain pending. The results presented in the scope of this thesis demonstrated that the require-
ments of the initial design target of the ATLAS [[TK outer layer were fulfilled. Furthermore,

the results are promising with respect to the performance of TJ-Monopix2 after irradiation to

higher [TID] and [NTET] fluences.

7.3 Performance comparison

The Monopix2 chips constitute two conceptually different design approaches of [DMAPS] for
tracking applications in high-energy physics environments. Since both chips are designed with
the ATLAS outer layer requirements in mind (see Table 7 the advantages and disadvan-
tages of their respective design approaches are compared. Table[7.10]summarizes key properties
and performance characteristics of LF-Monopix2 and TJ-Monopix2.

Although LF-Monopix2 is only half as wide, both [DMAPS] share the same column length
relevant for the implemented readout architecture described in Section Adjustments to the
width of LF-Monopix2 should not affect the functionality of the chip which facilitates a larger
matrix size for a possible successor chip. One of the obvious distinctions between the two chips
is the pixel pitch as a consequence of the chosen collection electrode size (see Section. The

pixel size of LF-Monopix2 exceeds the one of TJ-Monopix2 by almost a factor of seven, which
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LF-Monopix2

TJ-Monopix2

Collection-electrode
design approach

Large

Small

Pixel pitch

150 pm x 50 pm

33.04pm x 33.04 pm

Matrix size

56 x 340 pixels

512 x 512 pixels

Detector capacitance

O(100 fF)

O(1{F)

Analog power
consumption

5.5—-14.9 pW /pixel

0.61-0.92 pW /pixel

Digital power
consumption

0.71-6.90 pW /pixel

0.04—-0.08 pW /pixel

Depletion depth

85 um 25— 40m [28]
(non-irradiated)
Charge MPV] 6000 ¢~ 22003000 ¢~
of traversing Mﬂ
Operational threshold 1900-2500e~ 200-300e~
[ENC] 88-128¢~ 5-6e
(non-irradiated)
ENC 121-142¢~ 10-13e™
(at 1 x 10 neq cm™2)
ENC| 120~ 147 e~ 14-15e"
(at 100 Mrad)

NIEL| fluence

tolerance
|TID| tolerance

> 5 x 10 neq em ™2 > 1 x 10 ngq cm 2

> 400 Mrad > 100 Mrad

Table 7.10: Characteristics and performance comparison of LF-Monopix2 and TJ-Monopix2 with
respect to radiation tolerance. All values for LF-Monopix2 are measured with a 100 pm thin sample.
For power and related properties, the stated range corresponds to the different front-end variants
of the respective chip. The operational threshold describes the range of threshold achieved before and
after irradiation.

directly affects the spatial resolution of the detector. For cylindrical detector systems (such as
the ATLAS experiment), the rectangular formed pixels of LF-Monopix2 can compensate this
to a certain extent. In this case, the chip would be oriented such that the shorter pixel side is
aligned in the direction that requires more precise spatial information from the experimental
point of view. As discussed in Section [3.3.3] a large collection electrode not only limits the
minimum pixel size but also introduces a detector capacitance, that is orders of magnitude
larger compared to the alternative design approach. Consequently, LF-Monopix2 consumes
substantially higher analog and digital power per pixel to counteract the respective deterioration
in noise and timing performance. This elevated power consumption requires additional cooling
efforts in the context of an entire detector system. In contrast, the very low power consumption
of TJ-Monopix2 facilitates cooling for large-scale detector systems.

Due to the small collection electrode and the implemented voltage amplifier, TJ-Monopix2

benefits from very low noise levels before and after irradiation. Despite an unexpected threshold
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fluctuation with significant magnitude due to cross-talk effects from the time reference counters
(see Section, the low facilitates operation of the chip at thresholds below 300 e™ even
after irradiation. In comparison, the threshold and [ENC| measured with LF-Monopix2 exceeds
these values by one order of magnitude. While the relative increase in [ENC| with radiation
level is larger for T.J-Monopix2, the absolute values remain negligible compared to the [ENC]|
measured with LF-Monopix2. The considerably higher threshold, at which LF-Monopix2 needs
to be operated, is compensated by a larger depleted volume that results in a larger charge signal
for traversing particles. In this aspect, TJ-Monopix2 is limited by the applicable biasing voltage
as well as the substrate material. The corresponding created charge range given in Table
refers to chips manufactured on a 30 pm epitaxial layer or a 100 pm Czochralski substrate. Since
the maximum achievable depletion depth is around 40 pm, TJ-Monopix2 chips can be thinned
below 100 pm without losing necessary charge signal, which would minimize the material budget.
Due to the small threshold of TJ-Monopix2, the generated signal by a traversing [MIP] exceeds
the operational threshold by almost a factor of ten, compared to around three in the case of
LF-Monopix2. However, the large pixel size and uniform electric field of the latter reduces
the likelihood of charge sharing between pixels. Both [DMAPS| have demonstrated that their
respective generated-charge-to-threshold ratio is sufficient to measure very high hit-detection
efficiencies above 99 % before and after irradiation to 1 x 10'° neq cm ™2 fluence.

While the maximum radiation tolerance of both chips has not yet been investigated, LF-
Monopix2 was successfully tested at substantially larger radiation levels in the scope of this
thesis. As explained in Section [3:3:3] the large collection electrode facilitates a uniform electric
field across the depleted volume and short drift distances. The large bias voltage capabilities
of the LF-Monopix2 ensure full depletion of 100 pm thick chips up to 3 x 10 neq cm =2
fluence. These features are essential for efficient and fast charge collection after[NIEL]irradiation.
While both DMAPS] preserved their excellent hit-detection efficieny after irradiation to their
initial design goal of 1 x 10 ngq cm™2 fluence, LF-Monopix2 remained very efficient up
to 5 x 10'® Neg cm ™2 fluence. The radiation tolerance with respect to X-ray irradiation
solely depends on the chosen [CMOS] technology. Consequently, the DMAPS]| design approach
with respect to the size of the collection electrode is irrelevant for surface damage. Both chips
proved full functionality and very good hit-detection efficiency above 99.4 % after irradiation to
the initial design target of 100 Mrad [TID] While LF-Monopix2 demonstrated very good results
after 400 Mrad ionizing dose, the performance of TJ-Monopix2 after 100 Mrad [TID] strongly

indicates a similar tolerance to surface damage.

Comparing the implementation of the different design approaches in the Monopix2 chips re-
veals that both DMAPY] are suitable detectors for high-energy physics tracking applications.
Within the scope of this thesis, the latest iteration of both development lines was confirmed to
meet the necessary radiation tolerance with respect to their initial design target. The large-
collection-electrode design approach features a higher [NIET] radiation tolerance at the cost of a

larger pixel capacitance and, thus, larger power consumption. Furthermore, this design approach
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limits the minimum pixel size. The high bias voltage capabilities, uniform electric field, and
short drift distances of LF-Monopix2 render the large-collection-electrode design particularly
suitable for the application of monolithic pixel detectors in very-high-radiation environments.
In contrast, the very low noise and power operation is advantageous for the small-collection-
electrode design approach. The design facilitates small pixel sizes while long drift distances
within a pixel restrict the radiation tolerance. The possibility of thinning chips to less than
100 pm without relevant signal loss is ideal to reduce the material budget of a detector. Based
on these characteristics, the small-collection-electrode design is especially fitting for experiments
focussing on precision measurements with restricted exposure to radiation such as lepton collider
experiments. Due to this suitability and its demonstrated performance, TJ-Monopix2 consti-
tutes the basis for the development of a new [DMAPS|as part of the VTX upgrade of the Belle II
experiment |67, [70]. For the small-collection-electrode design approach, the hypothetical exten-
sion of the depletion depth to levels around 100 pm and above is not expected to significantly
enhance the [NIET] radiation tolerance. The achieved signal-to-threshold ratio of TJ-Monopix2
is already sufficient, such that a larger generated signal would not make a substantial difference.
In addition, the hypothetical even longer drift distances would also increase susceptibility to

charge carrier trapping after irradiation.
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8 Summary

Over the last decades, the accessibility of commercial [CMOS] technologies propelled develop-
ments of monolithic pixel detectors for tracking applications, which combine readout electronics
and sensor volume in one entity of silicon. The reduced material budget and simplified pro-
duction procedure without a complex interconnection step is at the expense of no separate
optimization of readout [ASIC| and sensor. Increased availability of high-resistivity substrates
and large bias voltage capabilities in these commercial[CMOS| processes improved the fast charge
collection abilities of monolithic detectors. This renders such depleted monolithic active pixel
sensors a feasible alternative to hybrid devices in high-rate and high-radiation environments. In
this thesis, the radiation tolerance of two conceptually different implementations of large-scale
was studied.

The 1 cm x 2cm LF-Monopix2 chip comprises 56 x 340 pixels with a pitch of 150 pm x 50 pm.
The utilized large-collection-electrode design approach facilitates a homogeneous electric field
and short drift distances across a pixel at the expense of a large detector capacitance. A rela-
tively high power consumption of up to 22 uW per pixel is required to compensate impairments
caused by the large detector capacitance. Before irradiation, typical operational thresholds
of around 2000e~ at values between 90 and 130e~ have been measured depending on
the front-end variation. In the case of 100 pm thin, backside metallized chips, full depletion
of the sensitive volume ensures sufficient charge generation by traversing [MIPk to reach hit-
detection efficiencies above 99.5 % before irradiation. After proton and neutron irradiation up
to 5 x 10° ngqem ™2 and 2 x 10'° ngq cm ™2 fluence, respectively, the increased leakage
current generated higher up to 200 e~ in the worst case. This led to a degradation in mean
operational thresholds up to 2600 e~ for individual radiation levels and front-end variants only.
The enhanced bias voltage capabilities of LF-Monopix2 facilitate full depletion of the sensitive
volume up to 3 x 10'° neq cm =2 fluence before charge carrier trapping begins to dominate.
For all testedﬂuences7 hit-detection efficiencies above 99 % were measured for at least four
of the implemented front-end variants. The most severe efficiency degradation due to bulk dam-
age was identified in the pixel corners due to higher charge sharing probabilities. The enhanced
timing performance achieved through larger pre-amplifier gain was also confirmed after [NIEL]
irradiation. For the respective front-end variants, the ratio of events measured within a 25ns
time interval remained above 99 % at the highest ﬂuence. Differences in performance after
neutron and proton irradiation were observed that do not conform to the [NIET]hypothesis. This

is expected, since scaling does not accurately account for differences in impact between
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8 Summary

point-like and clustered defects on certain sensor properties. Furthermore, the functionality of
LF-Monopix2 was verified up to a [TID] of 400 Mrad. The chip maintained typical operational
thresholds after 100 Mrad and 400 Mrad and annealing despite an increase in by 83.8%
in the worst case. Beam tests confirmed the good performance with hit-detection efficiencies
above 99.4% at the highest ionizing dose.

TJ-Monopix2 is a 2cm x 2cm [DMAPS] that contains 512 x 512 pixels with a pitch of
33.04um x 33.04pm. The chosen small-collection-electrode design approach assists the very
low power consumption below 1 uW per pixel but renders electric field shaping more difficult.
Benefitting from this design approach, the very low around 5 e~ yields operational thresh-
olds around 200e~ for non-irradiated chips. A global fluctuation of the threshold relative to
the arrival time of a hit with a maximum deviation of up to 100e~ was observed. Toggling
of the leading and trailing edge counter bits was identified as the origin of this cross-talk.
Studies of backside metallized samples verified the coupling path of this cross-talk through
the non-depleted volume of the chip. Proton-irradiated TJ-Monopix2 chips were measured
up to a fluence of 1 x 10 neqecm=2. A degradation in the mean up to 15e~ and the
mean operational threshold above 300 e~ was observed afterirradiation. Still, beam tests
demonstrated hit-detection efficiencies above 99.4 % after irradiation to the highest fluence. The
most severe performance degradation was located in the pixel corners due to the long drift dis-
tance and high charge sharing probability. The tolerance of TJ-Monopix2 to X-ray irradiation
was validated up to a total ionizing dose of 100 Mrad. The pre-amplifier was identified to be
particularly susceptible to surface damage. After irradiation to the highest [TID] and annealing,
an increase in up to 13e~ was measured while the operational threshold remained below
300 e~ for all front-end variants. Hit-detection efficiencies above 99.7 % confirmed the very good
performance of TJ-Monopix2 at 100 Mrad ionizing dose.

In summary, the radiation tolerance of both Monopix2 [DMAPS| was verified to comply with
or even exceed the initial design goal of 1 x 10 nq cm™2 ﬂuence and 100 Mrad of the
ATLAS [ITK outer layer environment. LF-Monopix2 demonstrated a tolerance to significantly
larger radiation levels, which were only achievable by hybrid devices previous to the rapid
development of monolithic pixel detectors. TJ-Monopix2 proved high radiation tolerance while
maintaining a low power consumption and very low noise operation. This combination lead to
the development of a successor chip by the VTX collaboration for an all-silicon tracker upgrade
of the Belle 1T experiment [67, [70]. The absolute limitations of both Monopix2 with

respect to radiation tolerance still remain to be investigated.
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9 Appendix

9.1 Synchronous column-drain readout architecture

The column-drain readout architecture implemented in both Monopix projects is based on
the ATLAS FE-I3 readout [156]. Tt provides a fast readout with time-over-threshold
information and high rate capabilities (>100 MHz/cm?), while offering a simple and not space-
consuming implementation. Once a hit is processed in the analog front-end and digitized by
the discriminator, the discriminator output triggers the readout logic. Figure shows the
timing diagram of the most important signals of the column-drain readout architecture. The
leading and trailing edge (LE/TE) of the discriminated signal generate two pulses, which are
sampled in 40 MHz and stored in memory cells. The trailing edge pulse sets a hit flag register,
which triggers the propagation of the Token signal to the readout controller. Upon receiving the
Token, the readout controller sends the Freeze signal to the respective column stopping any
new hits from disturbing the readout procedure. Subsequently, the readout controller sends the
Read and ReadInt signals to the column. The latter allows the hit and pixel information to be
written into the column data bus for readout and clears the hit flag register afterwards. In case
multiple hits are recorded within a column, the procedure repeats until all hits are read out,
while the top-most pixel of the column is prioritized. Since all Monopix chips are trigger-less,
no trigger memory is necessary and the buffer depth of the readout architecture is one in this

scenario.

Hit I 1
e 11

TE I
Token — | |
Freeze | I
Read L
Readint L

Figure 9.1: Timing diagram of the different signals in the column-drain readout logic.
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9 Appendix

9.2 Supplementary figures on irradiated LF-Monopix2 results
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Figure 9.2: Hit-detection efficiency of (a) Matrix 1-1 and (b) Matrix 3 of LF-Monopix2 projected onto
a single pixel cell for in-pixel studies at 5 x 10" neq cm ™2 NIEL fluence. In both cases, the applied bias
voltages was 400 V. The hit-detection efficiency stayed close to or above 99 % in the pixel corners.

9.3 Supplementary information on threshold fluctuation of
TJ-Monopix2

0.600
—— Analog monitoring pixel
0.598 -
0.596 -
0.594
>
© 0.592 A
(o))
S
< 0.590 1
0.588 -
oseor [ree o] [ o] o1 B[] I
0.584 Toggling bit
0 1 2 3 4 5 6 7 8
Time / us

Figure 9.3: Distortion measured at the analog amplifier output induced by individual bit toggling in
TJ-Monopix2. The first pulse is caused by the reset of the BCID counter. According to the gray-coded
counter, subsequent distortions can be assigned to toggling of individual bits based on the pulse shape.
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9.3 Supplementary information on threshold fluctuation of TJ-Monopix2
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Figure 9.4: Schematic illustration of the coupling path of the threshold-shifting cross-talk for chips
manufactured on (a) epitaxial layers and (b) Czochralski wafers. The threshold fluctuation originates
from potential distortions caused by BCID counter bit toggling in the periphery. These distortions couple
capacitively from the periphery into the non-depleted backside of the chip, and into the collection
electrode from there. Backside metallization of high-ohmic Czochralski wafers facilitates the fixation
of the potential in the non-depleted volume, which attenuates the cross-talk. Due to the low-ohmic
substrate required for chips manufactured on epitaxial layers, the effectiveness of backside metallization

in this case is difficult to assess.
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